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Remarks 

Reconsideration of this Application is respectfully requested. 

Upon entry of the foregoing amendment, claims 23, 26-33, 36-43, 46-53, 58-65, 
70-76 and 93-110 are pending in the application, with 23, 33, 43, 53, 65, 93, 99 and 105 
being the independent claims. Claims 24, 25, 34, 35, 44, 45, 54-57, 66-69 and 77-92 are 
sought to be cancelled without prejudice to or disclaimer of the subject matter therein. 
New claims 93 to 110 are sought to be added. These claims are directed to the subject 
matter of Group II, i.e., polynucleotide sequence encoding the EDG-l-like G-protein 
coupled receptor, and support for the new claims can be found in the claims as originally 
filed and throughout the specification. Accordingly, new claims 93 to 110 do not require 
a new search or substantial examination. 

These changes are believed to introduce no new matter, and their entry is 
respectfully requested. In addition, it is believed that these amendments will put the case 
in condition for allowance or better form for consideration on appeal. 

Based on the above amendment and the following remarks, Applicants 
respectfully request that the Examiner reconsider all outstanding objections and 
rejections and that they be withdrawn. 

Objection to the Specification 

The Examiner objected to the specification due to an informality. {See Office 
Action, page 2, ^[ 3.) In particular, the Examiner indicated that "[t]he specification must 
be amended to 'Brief Description of the Drawings 1 as required by MPEP 608.01(f) to 
over come the objection." (Office Action, page 2, f 3.). Applicants have amended the 
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specification in accordance with the Examiner's requirements and MPEP 608.01(f). 
Hence, this objection is overcome. Applicants respectfully request that the Examiner 
withdraw the objection. 

Rejections under 35 U.S.C. § 112, Second Paragraph 

The Examiner rejected claims 57, 69, 77-81 and 83 under 35 U.S.C. § 112, 
second paragraph, as allegedly being indefinite. (See Office Action, page 2, % 4.) 
Specifically, the Examiner asserted that claim 77 "remains indefinite because it is not 
clear which amino acids comprise the transmembrane region domain of SEQ ID NO: 4 
so as to allow the metes and bounds of the claims [sic] to be determined." (Office 
Action, page 2, ^ 4.) 

Solely to advance prosecution, and not in acquiescence to the Examiner's 
rejection, Applicants have canceled claim 77, thereby rendering this rejection moot. 
Applicants respectfully request that the Examiner withdraw the rejection. 

Claims 57 and 69 were rejected as allegedly being indefinite "because it is 
unclear when an antibody has 'specificity 1 for the polypeptide of SEQ ID NO:4 so as to 
allow the metes and bounds of [the] claim to be determined." (Office Action, page 4, ^ 
4.) Solely to advance prosecution, and not in acquiescence to the Examiner's rejection, 
Applicants have canceled claims 57 and 69, thereby rendering this rejection moot. 
Applicants respectfully request that the Examiner withdraw the rejection. 

The Examiner rejected claims 78-81 and 83 as being indefinite for depending on 
allegedly indefinite claims. (See Office Action, page 4, ^ 4.) Solely to advance 
prosecution, and not in acquiescence to the Examiner's rejection, Applicants have 
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canceled claims 78-81 and 83, thereby rendering this rejection moot. Accordingly, 
Applicants respectfully request that the Examiner withdraw the rejection. 

Rejections under 35 U.S.C. §101 

The Examiner rejected claims 23-29, 31, 33-39, 41, 43-49, 51, 53-61, 63, 65-73, 
75, 77-81 and 83 under 35 U.S.C. § 101 "because the claimed invention is not supported 
by either a specific and substantial asserted utility or a well established utility." (Office 
* Action, page 4, f 5.) Contrary to the Examiner's position, the claimed invention is 
supported by a specific, substantial and credible asserted utility. 

The specification asserts specific and substantial utilities for the presently 
claimed invention, e.g. the diagnosis and treatment of cancer (specification at 8), 
screening for antagonists and/or agonists (id. at 21) which may be used for the treatment 
of cancer (id. at 22-24), and the diagnosis of the mutations associated with cancer or 
susceptibility to cancer (id. at 27). 

Regarding the specificity of an asserted use, Applicants note that the Utility 

Guidelines define "specific utility" as a utility that 

is specific to the subject matter claimed. This contrasts 
with a general utility that would be applicable to the broad 
class of the invention. . . . For example, indicating that a 
compound maybe useful in treating unspecified disorders, 
or that the compound has "useful biological" properties, 
would not be sufficient to define a specific utility for the 
compound. 

MPEP § 2107.01 (I.) at 2100-32 (May 2004). 

Applicants assert that the specification does not assert that the claimed invention 
"maybe useful in treating unspecified disorders." Rather, in view of the expression sites 

294595-5 



- 17- 

Li et al. 
Appl. No. 09/518,381 

of the claimed polynucleotides, its sequence as well as the knowledge of other G-protein 
coupled receptors, among other things, it was asserted in the specification that the 
claimed invention possesses utility in a specified disease state, i.e., human cancer. 
Further, the use of these EDG-l-like molecules to treat, for example, cancer is a specific 
use that is not generally applicable to all G-protein coupled receptors, much less to all 
proteins. Accordingly, it follows that the statement of utility is clearly specific under the 
Utility Guidelines. 

Applicants also respectfully re-emphasize that the specification discloses at least 
one specific and substantial utility for the * EDG-l-like G-protein coupled receptor. A 
substantial utility is one that defines a "real world" use. In addition, "any reasonable use 
that an applicant has identified for the invention that can be viewed as providing a public 
benefit should be accepted as sufficient, at least with regard to defining a ! substantiar 
utility." MPEP § 2107.01 at 2100-33 (May 2004). The use of EDG-l-like G-protein 
coupled receptor molecules to treat and/or diagnose, for example, cancer, is a substantial 
utility as it provides a benefit to the public. Thus, at least one asserted use for the EDG- 
l-like G-protein coupled receptor is specific and substantial, as well as credible, as 
discussed further below. 

The Examiner further asserted that: 

Applicants 1 reference to post filing art cannot be used to 
establish utility for the claimed invention. ... At the time 
of filing [the] instant Application, the specification nor 
prior art supported the assertion that antagonists of the 
EDG-l-like G protein coupled receptor could be used to 
treat cancer or the polynucleotides of the invention could 
be used for the detection of cancer. The functionality of 
claimed EDG-l-like G protein coupled receptor was 
unknown. 
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(Office Action, page 6, \ 1 .) {emphasis added) 

Applicants assert that they are not using post filing date art to establish utility for 
the claimed invention. Rather, Applicants have brought post filing date art to the 
attention of the Examiner to show that one of the substantial utilities specifically asserted 
in the specification is in fact credible. Applicants note that both the MPEP and Federal 
Circuit indicate that post-filing art may be used to substantiate a specific and substantial 
utility asserted in the specification. If a specific and substantial utility is asserted in the 
specification, a post-filing date reference setting forth test results substantiating the 
utility "pertains to the accuracy of a statement already in the specification. ... It does 
not render an insufficient disclosure enabling, but instead goes to prove that the 
disclosure was in fact enabling when filed (i.e., demonstrated utility)." In re Brana, 51 
F.3d 1560, 1567 n.19 (Fed. Cir. 1995). 

In addition, the MPEP § 2107.02 states that "[i]n appropriate situations the Office 

may require an applicant to substantiate an asserted utility for a claimed invention. See 

In rePottier, 376 F.2d 328, 330, 153 USPQ 407, 408 (CCPA 1976)." Furthermore: 

If the applicant responds to the prima facie [35 U.S.C. § 
101] rejection, Office personnel should review the original 
disclosure, any evidence relied upon in establishing the 
prima facie showing, any claim amendments, and any new 
reasoning or evidence provided by the applicant in support 
of an asserted specific and substantial credible utility. 

MPEP § 2107.02 VI (May 2004) {emphasis added). Thus, Applicants may provide post 
filing art or "any new reasoning or evidence," to substantiate an asserted utility. 
Applicants respectfully assert, therefore, that the remarks and arguments regarding utility 
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made in the Amendment and Reply Under 37 C.F.R. § 1.111 filed January 10, 2002, are 
fully applicable and are incorporated by reference herein. Applicants also provide new 
reasoning and evidence. 

This asserted specific and substantial utility of the EDG-l-like G-protein coupled 
receptor is supported by its significant similarity to the G-protein coupled receptor EDG- 
6, also known as S1P 4 receptor. See Van Brooklyn et aL 9 Blood 95: 2624-2629 (2000). 
The EDG-6 receptor is nearly identical to the EDG-l-like G-protein coupled receptor, 
differing in only 4 amino acids out of 384. Expression of EDG-l-like G-protein coupled 
receptor mRNA is found in lymphocytes and lymphoid, hematopoietic and lymphoid- 
associated tissue such as the lung. (See specification at 7.) EDG-6 is likewise expressed 
in lymphocytes, lymphoid tissue, hematopoietic tissue and lung. 

The art confirms that EDG-6 is associated with cancer. EDG-6 is a receptor for 
Sphingosine-1 -Phosphate (SPP or SIP). See Van Brocklyn et al. Invasion of T- 
lymphoma cells into a fibroblast monolayer is dependent on SPP receptor-mediated 
RhoA and PLC signaling pathways that lead to pseudopod formation and enhance 
infiltration. See id. at 2628. It is well known in the art that chemotaxis and invasion are 
important events in the spreading of cancer. 

Further, EDG-6 is a receptor for SPP and mediates this SPP-dependant cancer- 
associated chemotactic response. See Graler et aL, J. Cell Biochem. #P:507-519 (2003) 
(Exhibit A). "CHO-K1 cells ectopically expressing [EDG-6] potently activate the small 
GTPase Rho and undergo cytoskeletal rearrangements, including stress fiber formation 
and cell rounding, upon [SPP] stimulation. Overexpression of [EDG-6] in Jurkat T cells 
induces pertussis toxin-sensitive cell motility even in the absence of exogenously added 
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[SPP]." Id. at 507. The importance of EDG-6 in SPP-induced cell migration has been 
confirmed by a second group, who also reported that motility was mediated through the 
Rho GTP-ase Cdc42. See Kohno et al 9 Genes to Cells 8: 685-697 (2003) (Exhibit B). 

As a result, one of ordinary skill in the art would consider that the presently 
claimed EDG-l-like G-protein coupled receptor is important in the motility, invasion and 
chemotaxis of lymphocytes and that these functions are relevant to the spread of cancer. 
Accordingly, the post filing art submitted herewith provides evidence as to the accuracy, 
Le. 9 credibility, of at least one specific and substantial utility as asserted in the 
specification. 

Regarding the credibility of an asserted utility, the Utility Guidelines provide as 
follows: 

Where an applicant has specifically asserted that an 
invention has particular utility, that assertion cannot simply 
be dismissed by Office personnel as being "wrong," even 
when there may be reason to believe that the assertion is 
not entirely accurate. Rather, Office personnel must 
determine if the assertion of utility is credible (i.e., whether 
the assertion of utility is believable to a person of ordinary 
skill in the art based on the totality of evidence and 
reasoning provided). 

MPEP § 2107.02 (III.)(B.) at 2100-40 (May 2004). In other words, the Examiner "must 
provide evidence sufficient to show that the statement of asserted utility would be 
considered 'false' by a person of ordinary skill in the art." MPEP § 2107.02 (III.)(A.) at 
2100-40 (May 2004). Applicants respectfully submit that the Examiner has not met this 
burden. 

Applicants have asserted that the claimed polynucleotides can be used, for 
example, in a diagnostic assay for detecting diseases or susceptibility to diseases, such as 
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tumors and cancers, related to the presence of mutated G-protein coupled receptor genes 
(specification at 27), and to produce polypeptides which can be used to raise monoclonal 
antibodies for the diagnosis and/or treatment of cancer (specification at 8 and 22-23). 

Applicants submit that the above assertions are not only specific and substantial, 
but credible as well, i.e., the assertion is at least believable to, and would not be 
considered false by, a person of ordinary skill in the art. Accordingly, Applicants 
respectfully request that the Examiner reconsider and withdraw the rejection of the 
claims under 35 U.S.C. § 101. 

Rejections under 35 U.S.C. § 112, First Paragraph 

The Examiner rejected claims 23-29, 31, 33-39, 41, 43-49, 51, 53-61, 63, 65-73, 
75, 77-81 and 83 under 35 U.S.C. § 112, first paragraph "since the claimed invention is 
not supported by either a specific and substantial asserted utility or a well established 
utility for the reasons set forth above, one skilled in the art would clearly not know how 
to use the claimed invention." (Office Action, pages 9-10, If 6.) This rejection under 35 
U.S.C. § 112 therefore depends on the prior rejection under 35 U.S.C. § 101. As the 
rejection voider 35 U.S.C. § 101 is overcome for reasons outlined above, this rejection 
under 35 U.S.C. § 112 is similarly overcome. Consequently, Applicants respectfully 
request that the Examiner reconsider and withdraw the rejection. 

The Examiner also rejected claims 23-29, 31, 33-39, 41, 43-49, 51, 53-61, 63, 65- 
73, 75, 77-81 and 83 under 35 U.S.C. § 112, first paragraph, "as containing subject 
matter which was not described in the specification in such a way as to reasonably 
convey to one skilled in the relevant art that the inventor(s), at the time the application 
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was filed, has possession of the claimed invention." (Office Action, page 10, \ 7.) 
Specifically, the Examiner asserted that Applicants' previous arguments that 
"polynucleotides at least 90% identical to the specific polynucleotide will show activity" 
are "not persuasive," as "[t]here is no description of the conserved regions, which are 
critical to the structure, and function of the genus claimed." (Office Action, page 1 1, \ 7.) 
As a result, the Examiner asserted that "[t]he claims encompass billions and billions 
polynucleotides encoding proteins which are structurally and functionally unrelated to 
the protein of SEQ ID NO:4." (Id.) The Examiner further asserted that only the use of 
SEQ ID NO: 3 or SEQ ID NO: 4 meet the written description requirements of 35 U.S.C. 
§ 112. (See id.) 

As set forth in the Amendment and Reply of April 9, 2002, Applicants 
respectfully disagree with the Examiner. However, solely to advance prosecution, and 
not in acquiescence to the Examiner's rejection, Applicants have canceled claims 24, 25, 
34, 35, 44, 45, 54-57, 66-69 and 72-79 and have amended independent claims 23, 33, 43, 
53 and 65 to remove language directed to percent identity, thereby rendering the 
rejection moot. Thus, Applicants respectfully request that the Examiner reconsider and 
withdraw this rejection. 

Conclusion 

All of the stated grounds of objection and rejection have been properly traversed, 
accommodated, or rendered moot. Applicants therefore respectfully request that the 
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Examiner reconsider all presently outstanding objections and rejections and that they be 
withdrawn. Applicants believe that a full and complete reply has been made to the 
outstanding Office Action and, as such, the present application is in condition for 
allowance. If the Examiner believes, for any reason, that personal communication will 
expedite prosecution of this application, the Examiner is invited to telephone the 
undersigned at the number provided. 

Prompt and favorable consideration of this Amendment and Reply is respectfully 



requested. 



Respectfully submitted, 



Sterne, Kessler, Goldstein & Fox p.l.l.c. 





Peter A. Jackman 
Attorney for Applicants 
Registration No. 45,986 



1 100 New York Avenue, N.W. 
Washington, D.C. 20005-3934 
(202) 371-2600 



294595-5 



June 1,2003 

Articles published online in Wiley InterScience, 
24 March 2003 through 25 April 2003 



Journal of 



Cellular 

Biochemistry 




Developmental oc-Tropomyosin 

©WILEY-LISS 

ISSN 0730-2312 (PRINT) 




Journal of Cellular Biochemistry 89:507-519 (2003) 



The Sphingosine 1 -Phosphate Receptor S1P 4 Regulates 
Cell Shape and Motility via Coupling to G t and G 12 /13 

Markus H. Graler, 1 Robert Grossed Angelika Kusch, 1 Elisabeth Kremmer, 3 Thomas Gudermann, 4 
and Martin Lipp 1 * 

department of Tumor Genetics and Immunogenetics, Max-Delbruck-Centrum of Molecular Medicine, 
Robert-Rossle-StraGe 10, 13092 Berlin, Germany 

^Transcription Laboratory, Cancer Research UK, London Research Institute, 44 Lincoln's Inn Fields, 
London WC2A 3PX, United Kingdom 

institute of Molecular Immunology, GSF-National Research Center for Environment and Health, 
Marchioninistr. 25, 81 377 Munchen, Germany 

institute for Pharmacology and Toxicology, Philipps-University Marburg, Karl-von-Frisch-Str. 1, 
35033 Marburg, Germany 



Abstract Sphingosine I -phosphate (SIP) receptors represent a novel subfamily of G-protein-couplecl receptors 
binding SIP specifically and wiLh high affinity. Although their in vivo functions remain largely unknown, in vitro 
extracellular application of S1P induces distinct S1P receptor-dependent cellular responses including proliferation, 
differentiation, and migration. We have analyzed signaling pathways engaged by SI P 4 , which is highly expressed in the 
lymphoid system. Here we show that $1 P 4 couples directly to Gotj and even more effectively to Go^ ^ 3-suhunfts of trimeric 
G-proteins, but not to Go^ unlike other S I P receptors. Consequently, CHO-K1 cells ectopics lly expressing S1P 4 potently 
activate the small GTPase Rho and undergo cyloskeletal rearrangements, inducing peripheral stress fiber formation and 
cell rounding, upon SIP stimulation. Overexpression of SI P 4 in J urkatl eel Is induces pertussis toxin-sensitive cell motility 
even in the absence of exogenously added S1P. In addition, S1P 4 is internalized upon binding of S1P. The capacity of 
SIP4 to mediate cellular responses, such as motility and shape change through Gotj- and Ga 12 /in-coupled signaling 
pathways may be important for its in vivo function which is currently under investigation. |. Cel I. Biochem. 89: 507-51 9, 
2003. © 200;* Wiley-Lis», Inc.. 

Key words: sphingosine 1 -phosphate; endothelial differentiation gene; G protein-coupled receptor; lymphocyte; 
immune system 



Sphingosine 1-phosphate (SIP) and lysopho- 
sphatidic acid (LPA) are known as cell mitogens 
that are capable of inducing diverse cellular 
responses like proliferation and differentiation, 
chemotaxis, cell rounding, and tumor invasion 
(reviewed in Chun et al., 1999; Moolenaar, 
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1999). Recently, eight G protein-coupled-recep- 
tors could be identified that bind specifically 
SIP and LPA as ligands [Hecht et al., 1996; An 
etal M 1997, 1998a; Lee etal., 1998;BandohetaL, 
1999; Im et al M 2000; Van Brocklyn et al., 2000]. 
Five of them (SIP^) bind SIP [An et al., 1997; 
Lee et al., 1998; Im et al., 2000; Van Brocklyn 
et al, 2000], whereas three of them (LPAx_ 3 ) are 
receptors for LPA [Hecht et al., 1996; An et al., 
1998a; Bandoh et al., 1999]. Since most cells 
express more than one receptor for SIP or LPA, 
heterologous overexpression systems and anti- 
sense-RNA studies were used to distinguish 
between signaling events and cellular respon- 
ses of each of these receptors [Goetzl et al., 1999; 
Kon etal., 19991. 

The SIP receptors analyzed so far are 
able to activate the mitogen-activated protein 
kinases (MAP kinases) ERK1/2 and trigger the 
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release of calcium from intracellular stores by 
activating phospholipase C (PLC) [Okamoto 
et al., 1998, 1999; An et al., 1999; Gonda et al., 
1999; Sato et al., 1999; Im et al., 2000; Van 
Brooklyn et al., 2000; Yamazaki et al., 2000] . 
Upon stimulation, SlPi and SIP5 exert a nega- 
tive effect on the level of cyclic AMP (cAMP) 
[Zondag et al., 1998; Im et al., 2000], whereas 
binding of SIP to S1P 2 and S1P 3 raise the cAMP 
level [Kon et al., 1999]. In addition, it has been 
shown that SlPi undergoes agonist-induced 
receptor internalization that is thought to be 
part of the desensitization/resensitization cycle 
after binding of the specific ligand SIP [Lee 
et al., 1998; Liu et al., 1999]. 

With regard to phenotypical responses it has 
been demonstrated that SlPj and SIP3 induce 
cell migration towards an SIP stimulus where- 
as S1P 2 inhibits cell migration and membrane 
ruffling [Kon et al., 1999; Okamoto et al., 2000]. 
SlPi is involved in angiogenesis as well as in 
other developmental processes like formation of 
the embryonic skeletal system and neuronal 
differentiation [Hla and Maciag, 1990; Liu and 
Hla, 1997; Liu et al., 2000]. The expression of 
SIP2 is enhanced in rat brain during embryo- 
genesis, suggesting a role in early differentia- 
tion of neuronal cells and axon development 
[MacLennan et al, 1997]. 

Recently we isolated S1P 4 from in vitro dif- 
ferentiated dendritic cells [Graler et al., 1998], 
Because of its predominant expression in cells 
and tissues of the lymphoid system we suggest 
that SIP4 may play an important role in im- 
mune surveillance [Graler et al., 1999], Here 
we show the direct coupling of S1P 4 to Goti and 
Gai2/i3-subunits of trimeric G-proteins. We pro- 
vide evidence for pertussis toxin (Ptx)-sensitive 
PLC activation and cytoskeleton rearrange- 
ments as corresponding downstream signaling 
events. It turned out that S1P 4 is a potent activ- 
ator of G0C12/13 and of the small GTPase Rho, re- 
spectively. Stimulation of SlP 4 expressing cells 
induces enhanced peripheral stress fiber forma- 
tion and cell rounding. In addition, an increased 
Ptx-sensitive cell motility of stably transfected 
unstimulated Jurkat cells as well as an agonist- 
induced internalization of S1P 4 was observed. 

MATERIALS AND METHODS 
Materials 

DMEM, RPMI, and FCS were purchased 
from Biochrom (Terre Haute, IN), cell culture 



supplements, Ptx, and G418 were from Gibco/ 
BRL (Rockville, MD). PBS was from Seromed 
(Berlin, Germany), other chemicals were pur- 
chased from Merck (Poole, Dorset, UK), myo- 
[ 3 H]inositol (18.6 Ci/mmol) was from Amer- 
sham Pharmacia Biotech (Piscataway, NJ), 
[2,8- 3 H]adenine and [ot- 32 P]GTP (3,000 Ci/mmol) 
were purchased from NEN Life Sciences (Bos- 
ton, MA). Wildtype- and N19-RhoA constructs in 
pcDNA3.1 were a kind gift from Dr. Yi Zheng, 
University of Tennessee, TN. S IP and LPA were 
purchased from Sigma-Aldrich (St. Louis, MO). 
Other sources are mentioned in the text. 

Cell Culture and Transfection 

Chinese hamster ovary cells (CHO-K1, ATCC 
CCL-61) were cultured in Dulbecco's modified 
Eagle's medium (DMEM) containing 5% fetal 
bovine serum (FCS). Human embryonic kidney 
cells (HEK293, ATCC CRL-1573) were cultured 
in DMEM containing 10% FCS. The human 
leukemia T-cell line Jurkat (ATCC TIB-152) 
was cultured in RPMI medium containing 2 mM 
L-glutamine and 10% FCS. The S1P 4 expression 
plasmid RC/CMV (Invitrogen, Carlsbad, CA) 
containing the C-terminal myc-epitope-tagged 
human or murine S1P 4 or wildtype-RhoA and 
N19-RhoA constructs in pcDNA3.1 (Invitrogen) 
were transfected into CHO-K1 or Jurkat cells 
by electroporation (20 ng DNA; 5 x 10 6 cells in 
800 \x\ PBS-d; CHO-K1: 250 V, 1,070 \x¥; Jurkat; 
280 V, 1,070 \iF) and into HEK293 cells by 
calciumphosphate precipitation as described 
previously [Emrich et al., 1993]. Transfection 
efficiencies were typically 20-35%, checked 
by fluorescence-activated cell sorting (FACS) 
analysis. 

Fluorescence-Activated 
Cell Sorting (FACS) Analysis 

Construction, expression, and FACS-analysis 
of the myc-epitope (spacer-epitope: PGGSGP- 
EQKLISEEDLL) with the murine anti-myc- 
epitope antibody 9E10 was performed as 
described previously [Emrich et al., 1993]. The 
murine S1P 4 receptor construct was also 
detected with the newly generated monoclonal 
rat antibodies 2A1, 6D7, and 8B4, directed 
against the N-terminal part of the murine 
SIP4 receptor. Goat-anti-rat-R-phycoerythrin 
(PE) and donkey-anti-mouse-PE antibodies 
(Jackson Immunoresearch Laboratories, West 
Grove, PA) were used for the detection of un- 
labeled antibodies from rat and mouse. 
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Photolabeiing of 
Receptor-Activated G-Proteins 

Photolabeiing of membrane G-proteins deriv- 
ed from CHO cells and immunoprecipitation 
were performed as described previously [Grosse 
et al., 2000]. In brief, [a- 32 P]GTP azidoanilide 
was synthesized and purified as described 
[Offermanns et al., 1991]. CHO-K1 membranes 
(200 |ig of protein per assay tube) were incu- 
bated at 30" C in a buffer containing 0.1 mM 
EDTA, 10 mM MgCl 2 , 30 mM NaCl, 1 mM 
benzamidine, 50 mM HEPES (pH 7.4), and for 
Gotj coupling also with 10 jiM GDP. Samples 
were incubated for 3 min (Goti) or 30 min (Gotq/n, 
Ga 12 / 13 , Ga 15/16 ) with 10 nM [ot- 32 P]GTP azidoa- 
nilide (130 kBq per tube) in the absence" or 
presence of 1 \xM SIP. The final assay volume 
was 120 \xl After stopping the reaction by cool- 
ing the samples on ice, samples were centri- 
fuged at 4 "C for 5 min at 12,000# and pellets 
were resuspended in 60 \\l of the buffer describ- 
ed above supplemented with 2 mM glutathione. 
Suspended membranes were irradiated for 10 s 
at 4°C with a 254 nm UV-lamp (Vilber Lourmat, 
Torcy, France) [Offermanns et al., 1991]. 
For immunoprecipitation; photolabeled mem- 
branes were pelleted and solubilized in 40 |al 
of 2% SDS at room temperature. Thereafter, 
120 ^il of precipitating buffer (1% Nonidet P-40, 
1% desoxycholate, 0.5% SDS, 150 mM NaCl, 
1 mM DTT, 1 mM EDTA, 0.2 mM phenyl- 
methylsulfonyl fluoride, 10 ng/ml aprotinin, 
10 mM Tris/HCl, pH 7.4) was added. Solubilized 
membranes were centrifuged at 4 'C for 10 min 
" at 12,000g to remove insoluble material, and 
50 jil of 10% protein A-Sepharose beads (Sigma- 
Aldrich) was added for preclearing of the 
lysates. After 1 h, Sepharose beads were remov- 
ed by centrifugation, and 30 |il of the following 
antisera were added to the supernatants: Z811 
(Goq/n), AS233, and AS343 (Ga 12 /i 3 ), AS266 
(Ga it common) [Laugwitz et al., 1994], and anti- 
Gai5/!o. After overnight incubation of samples 
at 4 C C at constant rotation, 60 ^il of 10% protein 
A-Sepharose beads were added, and samples 
were incubated for additional 3 h. After wash- 
ing of Sepharose beads, immunoprecipitated 
G-protein ot-subunits were separated on 13% 
polyacrylamide gels and visualized by auto- 
radiography of dried gels with Kodak X- 
Omat AR-5 films (Eastman Kodak, Rochester, 
NY) or with a phosphorimaging screen (Fiyi, 
Stamford, CT). 



Measurement of Intracellular Inositol 
Phosphate and cAMP Accumulation 

For cAMP measurements, CHO-K1 cells 
were seeded into six-well plates (8 x 10 6 cells/ 
well) 2 days prior to functional assays. 
[2,8- 3 H]adenine (2 |iCi/ml) was added to the 
growth medium. After a labeling period of 24 h, 
cells were washed once in PBS, followed by a 
20 min preincubation with serum-free DMEM 
containing 1 mM 3-isobutyl-l-methylxanthine 
(Sigma-Aldrich). Subsequently, cells were sti- 
mulated with 1 \xM SIP or 50 ^iM forskolin for 

1 h. Reactions were terminated by addition of 

2 ml 5% trichloracetic acid. For IP determina- 
tions, CHO-K1 cells were seeded into 12-well 
plates (3 x 10 5 cells/well) 3 days prior to func- 
tional assays. CHO-K1 cells were incubated 
with 2 nCi/ml of wyo-[ 3 H]inositol for 18 h. 
Thereafter, cells were washed once with 
serum-free DMEM containing 10 mM LiCl. 
Accumulation of intracellular inositol phos- 
phate and cAMP were determined as described 
previously [Grosse et ah, 2000]. " 

GST-Rhotekin Fusion Protein 

Cultures of 'Escherichia cdli (DH5d) trans- 
formed with the plasmid pGEX-rhotekin 
were grown to an A 60 o of 0.5, and fusion pro- 
tein expression was induced by addition of 
0.3 mM isopropyl-l-thio-P-D-galactoside (Sigma- 
Aldrich). After 3 h, cells were collected by centri- 
fugation, and the pellet was resuspended in ice- 
cold TBS containing 5 mM MgCl 2 , 1 mM DTT, 
and 5 mM phenylmethylsulfonyl fluoride. After 
sonification of lysates, Triton X-100 was added 
to a final concentration of 1%, and lysates were 
incubated at 4°C for 30 min. Lysates were then 
centrifuged (12,000#, 10 min at 4°C), and gly- 
cerol was added to a final concentration of 10%. 
The fusion protein preparations were stored in 
aliquots at — 80"C for up to 8 weeks. 

Determination of Rho Activity 

Activation of Rho was measured as previously 
described with minor modifications [Ren et al., 
1999]. After stimulation of CHO-K1 cells stably 
transfected with RC/CMV vector (Invitrogen) 
or the human SlP 4 -myc construct in 6 cm 
dishes, monolayers were washed with ice-cold 
TBS and lysed for 15 min by the addition of 
300 ^1 of Rho-RIPA buffer (50 mM Tris, pH 7.5, 
300 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, 
1% Triton X-100, 0.1 \M aprotinin, 1 \xM 
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leupeptin, and 1 mM phenylmethylsulfonyl 
fluoride). Ly sates were cleared by centri- 
fugation and incubated for 30 min at 4°C 
with GST-rhotekin precoupled to glutathione- 
Sepharose 4B (Amersham Pharmacia Biotech). 
Sepharose beads were collected by centrifuga- 
tion (5,000 rpm, 1 min at 4 ,) C), washed three 
times with RIP A buffer, and proteins were 
denatured in SDS sample buffer. Precipitates 
were resolved by SDS -PAGE on 15% acryla- 
mide gels, and proteins were subsequently 
transferred to Biotrace polyvinylidene difluor- 
ide membranes (Pall Gelman Laboratory, Ann 
Arbor, MI). Rho proteins were probed with the 
monoclonal Rho antibody (Santa Cruz Biotech- 
nology, Santa Cruz, CA) followed by a secondary 
horseradish perbxidase-coiyugated anti-mouse : 
IgG antiserum (Sigma-Aldrich) and visualized 
on X-ray film (Eastman Kodak) by enzyme- 
linked chemiluminescence (Amersham Phar- 
macia Biotech). 

Cell Staining 

CHO-K1 cells were seeded on coverslips with 
about 10% confluency 1 day before they starved 
serum-free for 16 h. They were, washed three . 
times with PBS-d (Gibco/BRL) and fixed by 
adding 5% paraformaldehyde (Sigma-Aldrich) 
for 15 min on ice. After three additional wash- 
ing steps and permeabilization with 0.5% 
Triton-X-100 (Merck) for 5 min at room tem- 
perature, cells were incubated with 5% milk 
powder for 1 h. To investigate cytoskeleton 
rearrangements, Alexa-fluor-488 labeled phal- 
ioidin (Molecular Probes, Eugene, OR) was 
added for 1 h. For visualization of hSlP 4 -myc 
expression, cells were incubated for 1 h with 
the murine anti-myc-epitope antibody 9E10 
(Roche Molecular Biochemicals, Indianapolis, 
IN). After three washing steps with PBS-d, 
cells were incubated for 1 h with donkey-anti- 
mouse-Cy3 antibodies (Jackson Immunore- 
search Laboratories). Cells were analyzed by 
fluorescence microscopy as described previously 
[Kusch et al., 2000]. 

Chemotaxis Assays 

Transwell chambers (6.5 mm diameter, pores 
with 5 \im diameter, Costar) were incubated in 
20 ng/ml mouse collagen type IV (BD Bios- 
ciences, San Diego, CA) at 4°C overnight and 
washed two times with PBS-d. Jurkat cells were 
grown overnight in RPMI medium supplemen- 
ted with 2 mM L-glutamine and 1% PCS. After 



resuspending the cells in RPMI containing 
the appropriate stimulus, 2 mM L-glutamine, 
25 mM HEPES, pH 7.3, and 0.1% fatty acid-free 
bovine serum albumin (Sigma-Aldrich), 100 nl 
of the cell suspension (1 x 10 7 cells/ml) was 
added to the upper chamber. Four hundred and 
fifty microlitres of the same medium was used 
for the lower chamber. Cells were incubated 
for 4 h under normal cell culture conditions. 
Subsequently, 350 ^1 of the lower chamber was 
concentrated to 50 \xl y and cells were counted for 
1 min by flow cytometry (BD Biosciences). 

Receptor Internalization Experiments 

After serum-free starvation for 16 h prior 
to analysis, cells were briefly trypsinized and 
resuspended in DMEM containing 25 mM 
HEPES and 0.1% fatty acid-free bovine serum 
albumin. The appropriate stimulus was added, 
and the cells were incubated at 37' C. After the 
corresponding time, 100 ^1 of the cell suspension 
was added to 1.4 ml of ice-cold FACS-buffer 
(PBS-d, 4% FCS, 10 mM EDTA, pH J.3). Cells 
were kept on ice and analyzed by FACS. 

Generation of Monoclonal Antibodies 
Against the Murine S1P 4 Receptor 

The N-terminus (aa 2-56) of the murine SIP4 
receptor (mSlP 4 ) was expressed as a C-terminal 
hexahistidine fusion protein using the pQE60 
vector system (Qiagen, Valencia, CA) according 
to the manufacturer's protocol under denatur- 
ing conditions. Immunization of rats and the 
generation of hybridoma cells was done accord- 
ing to standard protocols. Thirty four different 
hybridoma supernatants from one fusion were 
positive in a sandwich-ELISA using the same 
hexahistidine fusion protein that was also used 
for immunization. Five of these supernatants 
were also positive in a FACS-analysis with 
transiently mSlP 4 transfected CHO-K1 cells, 
three of which (2A1, 6D7, and 8B4) could be 
established by limiting dilution and grown as 
single clones. The antibodies of all three super- 
natants match the IgG 2Ak immunoglobulin 
subtype as determined by standard protocols. 

RESULTS 

Generation of Cell Lines 
Stably-Expressing SI P 4 

Since many cultured cells respond to an SIP 
challenge through endogenous SIP receptors, 
it was necessaiy to establish a heterologous 
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expression system with low background activity 
in order to elucidate the specific signaling 
pathways triggered by the human S1P4 recep- 
tor (hSlP 4 ). Previous studies have already 
demonstrated that CHO-K1 cells give a low 
background response upon stimulation with 
SIP [Kon et al., 1999], and PCR-studies of 
Jurkat cells showed only a low amount of SlPj- 
template present in these cells [Motohashi 
et al., 2000]. CHO-K1 and Jurkat cell lines 
stably expressing hSlP4 were generated with a 
C-terminal m/yc-epitope tag (CH0-Kl/hSlP 4 - 
myc and Jurkat/hSlP 4 -myc). Both transfected 
cell lines were tested for S1P 4 expression by 
FACS analysis (Fig. 1A). Surface expression of 
S1P 4 on stably transfected CHO-K1 cells was 
also confirmed by confocal microscopy (Fig. IB). 
Both cell lines were used to determine the 




B 



fluorescence 




Fig. 1 . Stable expression of hSI P 4 -myc on CHO-K1 and jurkat 
cell lines. A: FACS-analysis of stably h$1P 4 -myc transfected 
CHO-K1 and Jurkat cell lines. Cells were fixed and permeabi- 
lized prior to detection of the intracellular C-terminal myc- 
epitope tag with the specific monoclonal anti-myc-epitope 
antibody 9E1 0. Vector transfected control cells are shown in 
gray, and linear means are given by numbers, B: Surface 
expression of hS1 P 4 -myc on transfected CHO-K1 cells, detected 
with the anti-myc-epitope antibody 9EI0. 



functional characteristics of S1P 4 with regard 
to its signaling properties and with reference to 
S1P 4 mediated cellular responses. 

G-Protein-Coupling of the S1P 4 Receptor 

First we examined the direct coupling of 
Ga-subunits of trimeric G-proteins to the S1P 4 
receptor. For this purpose, membrane pre- 
parations of CHO-Kl/hSlP 4 -myc cells were 
incubated with the GTP analog [<x- 32 P]GTP 
azidoanilide. Following stimulation with SIP, 
[oc- 32 P]GTP azidoanilide binds to the corre- 
sponding activated Ga-subunits but cannot be 
hydrolyzed efficiently. Therefore, activated 
Ga-subunits bound to [a- 32 P]GTP azidoanilide 
accumulate and can be selectively detected on 
an autoradiogram after immunoprecipitation 
with specific anti-Goc antisera and subsequent 
SDS-PAGE. Antisera directed against Gar 5 /i 6 , 
Grai2/i3> Ga q , and Ga* were used to determine 
the specific Ga-coupling of S1P 4 . These studies 
revealed that S1P 4 activates Ga; and Gai2A3- 
subunits of trimeric G-proteins (Fig. 2A,B). Ga q 
is not affected (Fig. 2A,B). In particular, the 
Gai2/i3-subunits are activated very potently. 
Gai5/i6 which has recently been suggested.to be 
linked to S1P 4 because of their genetic proxi- 
mity [Contos et al., 2002] is not activated by 
SIP4. As a control CHO-K1 cells stably trans- 
fected with gonadotropin-releasing hormone 
(GnRH) receptor [Grosse et al., 2000] did not 
activate any of the Ga-subunits examined after 
stimulation with SIP (Fig. 2A,B). The specifi- 
city of the antisera and the expression of the 
tested Ga-subunits in CHO cells have already 
been demonstrated [Grosse et al., 2000]. 

Effect of S1 P 4 on PLC Activation 

SIP4 activates the MAP kinase Erkl/2 [Van 
Brocklyn et al., 2000]. This signaling pathway is 
Ptx-sensitive and therefore dependent on the 
activation of Gai-subunits of trimeric G-pro- 
teins. To examine other downstream signaling 
properties of S1P 4 linked to G-proteins, we 
assessed activation of the PLC by determining 
inositol phosphate accumulation in CHO-K1/ 
hSlP 4 -myc cells. As shown in Figure 3A, more 
than a twofold increase in PLC activation was 
observed after stimulation with 1 SIP in 
S1P 4 transfected CHO-K1 cells, whereas only 
a marginal response was detected in untrans- 
fected control cells. The S1P 4 mediated PLC 
activation is Ptx-sensitive and therefore depen- 
dent on Gotj activation. In addition, cells were 
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Fig.- 2. Activated C-proteins in membrane preparations of 
CHO-KI/hSIP 4 -myc cells. Membrane preparations were photo- 
labeled with [ot- r! PjCTP azidoanilide in the absence (-) or 
presence (4-) of 1 uM SI P and immunoprecipitated with the Coc )5 / 
ib/ GfXitns, Goiq, and Gotj antisera as described in "Materials and 
Methods." A: Precipitated proteins were resolved in SDS-PAGE 
and visualized by autoradiography. B: Densitometer analysis of 
the corresponding signals on the autoradiogram normalized 
towards the expression in control cells. S1P-stimulated cell 
preparations are shown in black, unstimulated controls are 
shown in gray. 



stimulated with 1 mM ATP. The correspond- 
ing ATP receptors couple to Got q/11 -subunits of 
trimeric G-proteins that are much more potent 
in activating PLC than the pysubunits respon- 
sible for the Ga r induced PLC activation result- 
ing in an up to fivefold increase in inositol 
phosphate production (Fig. 3A). The ATP- 
induced PLC activation is Ptx-insensitive and 



therefore not linked to Ga r coupled signaling 
pathways (Fig. 3A), 

S1P 4 Does not Induce cAMP Accumulation 

The adenylyl cyclase is known to be an 
important effector of trimeric G-proteins mainly 
activated by Ga s subunits. Therefore, we were 
interested whether stimulation of S1P 4 would 
lead to an increase of the intracellular cAMP 
level or not. For this purpose, we stimulated 
CHO-Kl/hSlP4-myc cells and vector trans- 
fected control cells with 1 ^iM SIP for 1 h and 
tested for cAMP accumulation as described in 
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Fig. 3. Second messenger production in CHO-K1/hS1P 4 -myc 
cells. A: Ptx-sensilive inositol phosphate accumulation induced 
by the S1 P,, receptor. Non-transfected CHO-K1 cells and CHO- 
K1/hS I P-,-myc cells were seeded in 1 2-well plates and incubated 
in the presence of Ptx (0.1 n.g/ml, 18 h prior to stimulation) as 
indicated. Inositol phosphate accumulation was determined 
after 45 min of incubation with vehicle {-), 1 uM S1 P, and 1 mM 
ATP (+) respectively. Data are means + SE of two inde- 
pendent experiments, each performed in triplicate. B: cAMP 
formation in vector transfected (white) versus hSI P 4 -myc (gray) 
expressing CHOK1 cells. Cells were incubated with 1 nMSVPor 
50 \jM forskolin for 1 h as indicated. Shown are means db SE of 
triplicates. 
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"Materials and Methods." The hSlP 4 expres- 
sing CHO-K1 cells as well as the control cells 
show a slight increase in cAMP production upon 
SIP stimulation, but no S1P 4 specific effect 
could be detected (Fig. 3B). Forskolin as a 
positive control directly activates the adenylyl 
cyclase and produced more than a tenfold 
increase in cAMP accumulation in CHO-K1/ 
hSlP 4 -myc cells (Fig. 3B). Thus, S1P 4 does not 
activate the adenylyl cyclase via the Got 9 sub- 
unit of trimeric G-proteins. 

S1P 4 Mediated Effect on Cell Motility 

The migration of lymphocytes, macrophages, 
and dendritic ceDs determines their correct 
trafficking and homing. By examining the 
migratory capacity of S1P 4 overexpressing cells,* 
an enhanced motility of Jurkat/hSlP 4 -myc cells 
was observed even in the absence of SIP (Fig. 4). 
S1P 4 receptor-mediated cell motility was sensi- 
tive to Ptx, indicating that this effect is linked to 
the Got r subunit of trimeric G-proteins (Fig. 4). 
Interestingly, primary mouse splenocytes also 
show a reduced cell motility after Ptx treatment 
(Fig. 4). S1P 4 is highly expressed on these cells 
[Graler et al., 2002], suggesting . that S1P 4 
induces the observed increase in cell motility 



also on primary lymphocytes. Vector trans- 
fected control cells did not exhibit an increased 
motility (Fig. 4). Jurkat/hSlP 4 -myc cells as well 
as control cells show a 1.5-fold increase of cell 
motility in the presence of 10 nM SIP (Fig. 4). 
This effect is barely seen on primary mouse 
splenocytes and not dependent on hSlP 4 -myc 
expression (Fig. 4), indicating that it is not 
linked to SlP 4 -induced signaling pathways. 
SIP did not elicit migration of Jurkat/hSlP 4 - 
myc cells compared with vector transfected 
control cells (Fig. 4). In addition, we did not 
detect migration of CH0-Kl/hSlP 4 -myc cells 
using SIP concentrations between 0.1 nM and 
1 p:M. Furthermore, expression and stimulation 
of S1P 4 did not affect the migratory capacity 
of Jurkat cells endogenously expressing the 
CXCR4 chemokine receptor towards its specific 
ligand SDF-1 (data not shown). 

SI P 4 Regulates Rho Activation 

The small GTPase Rho can be activated by a 
specific subgroup of trimeric G-proteins and is 
involved in several cellular responses like cyto- 
skeleton rearrangements, integrin-mediated 
adhesion, and actin^dependent effector respon- 
ses. We performed a Rho-assay to examine the 
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Fig. 4. Increased agonist-independent Ptx-sensitive cell motility of stably h51P 4 -myc transfected lurkat 
cells. Stably vector transfected or stably hSI P 4 -myc transfected lurkat cells as well as freshly isolated mouse 
splenocytes were seeded in Transwell-chambers with or wilhoul simultaneous SI P stimulus (10 nM) in the 
upper and in the lower chamber as described in "Materials and Methods." Cel Is were incubated with 0. 1 ng/ 
ml Ptx for 2 h prior to the experiment when indicated. After 4 h, cells were harvested and counted. Shown are 
means + SE, n > 4. 
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regulatory capacity of S1P 4 on Rho activation. 
Whereas vector transfected control cells do not 
show any significant increase in Rho-activation 
upon SIP stimulation, CH0-Kl/hSlP 4 -myc 
cells rapidly activate Rho within 1 min after 
SIP stimulation (Fig. 5A,B). The activity of Rho 
declines within 20 min after SIP stimulation, 
indicating the short half-life of SlP^induced 
Rho activation. Thus, SIP4 is a very rapid and 
potent activator of the small GTPase Rho. 

. S1 P 4 Mediated Cytoskeleton Rearrangements 

An important event with respect to changes in 
adhesion and motility of cells are alterations 
within their cytoskeleton to promote a higher 
degree of mobility for managing new circum- 
stances. To examine the influence of SlP 4 in 
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Fig. 5. Activation of Rho in CHO-K1/hSIP 4 -myc cells. 
A: Vector transfected CHO-K1 cells and CHO-K P/hSI P 4 -myc 
cells starved wilh 0.5% serum overnight prior to stimulation with 
1 nM SIP for 1, 1 0, and 20 min. GTP-bound KhoA was analyzed 
applying a pull down assay using SEPHAROSE conjugated 
Rhotekin-GST fusion protein. The lysate control shows equal 
amounts of Rho expressed in each cell preparation. Shown is one 
representative out of two similar results. B: Densilometric 
quantification of the signals shown in (A). Vector transfected 
cells are shown in gray, hS1 P 4 -myc transfected cells are shown in 
black. 



this connection, we looked for SIP-induced cyto- 
skeleton rearrangements in stably transfected 
CHO-Kl cells. No significant increase in the 
amount of peripheral stress fibers and cell 
rounding can be seen in control cells (Fig. 6A). 
Addition of SIP to CHO-Kl/hSlP 4 -myc cells 
however induces a significant increase in the 
amount of peripheral stress fibers and rounded 
cells (Fig. 6B). The amount of rounded cells in 
the total cell population as determined by three 
independent cell counts was 3 ± 1% SE for un- 
stimulated CHO-Kl control cells and CHO-Kl/ 
hSlP 4 -myc cells, 5 ± 2% SE for S IP-stimulated 



CHO-K1 




CHO-K1/hS1P 4 -myc 




Fig. 6, Cytoskeleton rearrangements in CHO-Kl /hSIP^myc 
cells. A: Non-transfected CHO-Kl cells and (B) CHO-KI/hS I P„- 
myc cells were seeded on cover-slips in six-well plates, starved 
serum-free for 1 6 h, and were subsequently stimulated for 20 min 
with 1 \iM 51 P as indicated. In the upper row cells were stained 
with Alexa-fluor-488 phalloidin and analyzed by confocal 
microscopy, in the lower row I he cell shape is shown by light 
microscopy. 
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control cells, and 53 ± 7% SE for S IP-stimulated 
CHO-Kl/hSlP 4 -myc cells. 

Agonist-Induced Internalization of SI P 4 

An important aspect of functional studies is 
the correct expression and presentation of the 
receptor on the cell surface. Using the hSlP 4 - 
myc construct we provided already in an earlier 
study evidence that hSlP 4 is inserted into the 
plasma membrane on the cell surface in the 
expected orientation with the N-terminus fac- 
ing the cells exterior and the C- terminus inside 
the cell [Van Brocklyn et aL, 2000]. For the 
purpose of further functional studies we gener- 
ated monoclonal antibodies against murine 
S1P 4 (mSlP 4 , see "Materials and Methods"). 
These antibodies are suitable to detect mSlP 4 - 
myc, but not hSlP 4 -myc on the surface of 
transiently transfected HEK293 cells by flow 
cytometry (Fig. 7A). Western-blots of mem- 
brane protein extracts from these cells revealed 
a specific signal around 42 kDa that was not 
found on Interleucin-8 receptor A transfected 
HEK293 cells (Fig. 7B). A second weaker signal 
appears at about 46 kDa (Fig. 7B). Since there is 
no need of cell permeabilization in order to 
recognize the antibody epitope we used these 







9E10 




5 10 15 20 30 45 

time (min) 



Fig. 7. Detection of the murine S1P 4 receptor on transiently 
transfected HEK293 cells. A: FACS-analysis of anli-mouse-SIP* 
monoclonal antibodies 2A1 , 6D7, and 8B4 on mouse SI P 4 -my<: 
(black line) and on human SlP^-myc (filled gray) transfected 
HEK293 cells. The anti-myc-epitqpe antibody^EIOJs slipwn as a 
control. B: Western-blot with membrane preparations of lnter- 
leucin-8 receptor A and mouse S1 P 4 -myc transfected HEK293 
cells. C: Detection of mS1P 4 -myc on the surface of transiently 
transfected HEK293 cells using the anti -murine S1 P* antibodies 
8B4, 2A1 , and 6D7 by FACS-analysis. After addition of 1 uM S1 P, 
the murine SIP* surface expression decreases within 45 min 
(circles). One micromolar LPA has no significant influence on the 
surface expression of S1P 4 (rectangles), The FACS signal was 
correlated to unstimulated cells at the corresponding lime point. 
Shown are means db SE, n > 3. 



antibodies to monitor the kinetics of mSlP 4 
surface expression upon addition of SIP. Within 
minutes after stimulation with 1 joM SIP, the 
mSlP4 specific signal on these cells significantly 
decreases and reaches a minimum of approxi- 
mately 65% compared to the unstimulated 
control cells after 45 min (Fig. 7C). This effect 
is specific for SIP and cannot be seen with other 
stimuli like LPA (Fig. 7C). However, Ptx does 
not interfere with receptor internalization, and 
our monoclonal antibodies against mSlP 4 are 
unable to trigger the internalization process 
(data not shown). Cells that were permeabiliz- 
ed after SIP stimulation for the specified time 
points show the same receptor signal as un- 
stimulated cells (data not shown). This de- 
monstrates that the complete amount of 
detected mSlP 4 does not change. Therefore, 
mSlP 4 receptors are not degraded, and SIP 
binding to mSlP 4 does not interfere with anti- 
body binding. 

DISCUSSION r 

The responses of diverse target cells to low 
molecular .weight lipid compound 
and LPA have been shown to be mediated in 
large part by G protein-coupled receptors which 
bind these lipids and thus mediate their physio- 
logical functions. We have cloned recently one 
member of the SIP receptor family, S1P 4 , and 
showed that it specifically binds SIP as an 
agonist [Graler et aL, 1998; Van Brooklyn et aL, 
2000]. However, apart from its obvious field of 
activity, the immune system, little is known 
about the importance and physiology of S1P 4 in 
this distinct compartment. This report provides 
information regarding the signal cascade and 
cellular responses triggered by the S1P 4 -S1P 
interaction. 

One of the first events with regard to GPCR 
signaling is the activation of certain G-proteins. 
We demonstrate in this study that S1P 4 acti- 
vates the G-protein subunits Goti and Ga 12 / 13 by 
two different methods: (1) By direct labeling of 
the activated Ga-subunits and (2) by analyzing 
functional downstream signaling events. S1P 4 
activates G0C12/13 very potently without affecting 
Ga q (Fig. 2). Other SIP receptors such as S1P 2 
and SlP 3 couple with both, Gai2/i 8 and Ga q 
respectively [Windh et aL, 1999]. All SIP recep- 
tors currently known signal via the Goti-subunit 
of trimeric G-proteins [An et aL, 1998b; Windh 
et aL, 1999]. Thus, S1P 4 differs from these SIP 
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receptors concerning its selective G protein- 
coupling. SIP4 is also not inducing an increase 
in cAMP accumulation (Fig. 3B). Therefore, it is 
unlikely that S1P 4 couples to the Ga s -subunit of 
trimeric G proteins. Other SIP receptors like 
S1P 2 and SIP3 are able to activate the adenylyl 
cyclase very potently resulting in cAMP levels 
up to 10 times higher than vector controls [Kon 
et al., 1999] although direct coupling studies 
performed with f 35 S]GTPyS did not show any 
specific Gote-coupling [Windh et al., 1999]. A 
recent study suggests that S1P 4 is linked to 
G0C15/16 signaling because of their genomic 
proximity, a fact that we already published in 
1999 [Graler et al., 1999]. This hypothesis does 
not stand a closer look because Gai 5 /i 6 does not 
couple to SIP4 (Fig. 2A,B), and the human 
transcript for Ga L 6 does not show the same 
expression pattern as S1P 4 (data not shown). 

Some downstream signaling events induced 
by SIP4 like the activation of the mitogen- 
activated protein-kinases (MAP kinases ) ERK1/ 
2, the activation of PLC, or the ability to open 
intracellular calcium stores have already 
been investigated [Van Brooklyn et al., 2000; 
Yama^ 

induced Ptx-sensitive PLC activation in our 
CHO-K1 cell system as a functional Gaj-coupled 
signaling pathway (Fig. 3A). Our results con- 
cerning SlP 4 -induced Rho activation (Fig. 5) 
and cytoskeleton rearrangements (Fig. 6) form 
a link to the Got 12/13 directed signal transduction 
because former studies have shown that stress 
fiber formation is coupled via Rho to G0112/13 
activation [Buhl et al., 1995], Ga 13 is able to 
directly stimulate the pll5 RhoGEF-catalysed 
guanine nucleotide exchange on Rho [Hart et al., 
1998]. In addition, the described effects on cell 
rounding and peripheral stress fiber formation 
suggest an involvement of S IP4 on the cell shape 
that could be important for its in vivo function 
(Fig. 6B). Similar results concerning cell round- 
ing obtained from studies of S1P 2 and SIP3 
overexpressing HEK293 and pheochromocy- 
toma PC12 rat cells [Van Brooklyn et al., 1999] 
as well as from SIP2 overexpressing JUHOjcells 
with respect to stress fiber formation [Gonda 
et al. f 1999] may be taken as an indication for a 
physiological feature commonly induced by SIP 
receptors. 

It may be surprising that the ectopic expres- 
sion of S1P 4 in Jurkat cells (Fig. 3) per se is 
already sufficient to direct cells towards a 
phenotype observed later on when its ligand 



SIP is added. This could be interpreted to mean 
that SIP4 has a high intrinsic activity in terms 
of some independence from ligand binding for 
signaling or that T cells produce SIP at a level 
sufficient for signaling. However, this observa- 
tion may well be a consequence of the ubiquitous 
presence of low amounts of ligand produced 
by the cells thus initiating autocrine stimula- 
tion. This renders the study of SIP receptors 
inevitably complicated because it is difficult 
to establish suitable cell-based test systems. 
Given the widespread distribution of S IP recep- 
tors and their ligand SIP in tissues it is worth 
speculating that an apparently unstimulated 
stage of an observed cell should be more pre- 
cisely defined as a low level-induced stage, at 
least from the point of view of SIP-based cell 
physiology. In keeping with this hypothesis, 
other reports have shown that LPA 2 is able 
to activate Gota in the baculovirus expression 
system in the absence of the appropriate ligand 
[Yoshida and Ueda, 1999]. Moreover S1P 2 and 
SIP3 induce cell rounding in pheochromocy- 
toma PC12 rat cells in a ligand-independent 
fashion [Van Brooklyn et al., 1999], Therefore, a 
Ugand-independen activity . cquld not 

only be observed with S1P 4 , but also with other 
LPA and SIP receptors like LPA 2 , S1P 2 , and 
SIP3, indicating that the mere expression of 
these receptors can significantly activate the 
cells even in the absence of the specific ligand. 
In this connection, it could be important for the 
cell to regulate SIP receptor trafficking as an 
additional control for their signaling capacities 
and for SIP receptor selectivity. As already 
shownfor SIPi [Leeetal., 1998; Liu et al., 1999], 
SIP4 undergoes as well ligand-induced traffick- 
ing. Surface expression of S1P 4 on HEK293 
cells decreases within minutes after SIP stimu- 
lation (Fig. 7C), indicating that the receptor 
undergoes ligand-induced internalization or 
sequestration. This process is supposed to be 
an important step in receptor resensitization 
rather than desensitization after activation of 
the receptor [Ferguson and Caron, 1998]. The 
finding of an incomplete receptor clearance may 
be explained in part by the onset of counter- 
acting process, i.e., the recycling of internalized 
SIP4 to the cell surface. It may also be important 
for cells to keep a certain level of SIP4 receptor 
expressed on the surface to maintain a consti- 
tutive signaling since lymphocytes expressing 
SIP4 are constantly exposed to physiological 
SIP levels in blood [Igarashi and Yatomi, 1998]. 
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The second weaker signal at about 46 kDa in the 
Western-blot with mSlP 4 transfected HEK293 
cells (Fig. 7B) may derive from a different 
posttranslational receptor processing. A par- 
tially more efficient glycosylation of the trans- 
fected receptor for example could account for 
these two separate signals. And it has been 
shown recently that N-glycosylation of SIPi 
facilitates ligand-induced receptor internaliza- 
tion [Kohno et al, 2002], 

With regard to the immune system as the 
main compartment of S1P 4 expression, it is 
known that another class of GPCRs, the chemo- 
kine receptors, play a pivotal role for the traf- 
ficking and homing of lymphocytes [Forster 
et ah, 1996, 1999]. It is conceivable that S1P 4 
may also be an important player in this scenario 
influencing the activation and migration beha- 
vior of B- and T-lymphocytes and probably the 
microenvironment of lymphoid organs. This 
hypothesis is supported by our finding that 
overexpression of human S1P 4 in the T-cell line 
Jurkat resulted in an increased cell motility 
which can be augmented further by the pre- 
sence of the ligand SIP (Fig. 4). Remarkably 
SIP; and SIP3 have ^ 
induce cell migration towards SIP [Kon et al., 
1999]. In contrast to S1P 2 and S1P 3 , an in- 
hibitory effect on cell migration as well as on Rac 
activation and membrane ruffling has recently 
been demonstrated for S1P 2 [Okamoto et al., 
2000], Thus, SIP receptors could be important 
for the fine tuning of migratory properties of 
cells leading to an increased or decreased migra- 
tion and motility respectively. The analysis of 
SIP! deficient mice makes clear- that these 
cellular responses are able to affect critical 
functions in vivo [Liu et al., 2000] suggesting a 
comparable influence of S1P 4 in immune sur- 
veillance. 
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Abstracts 

Background: Sphingosine 1-phosphate (Sph-l-P) i» a 
bioactive lipid mediator released from activated 
platelets, which regulates diverse signal transduction 
pathways via cell surface receptors. Recent studies 
have revealed that the seven-transtnembrane- 
spanning receptors, Edg-1, Edg-3, Edg-5, Edg-6 
and Edg-8 are specific Sph-l-P receptors. Northern 
blot analysis has demonstrated that Edg-6 is ex- 
pressed in lymphocyte-containing tissues such as 
spleen and lung. Little is known about the molecular 
mechanisms of Edg-6 functions, probably because 
of the difficulties in expressing Edg-6 on the cell 
surface. 

Results: Here, our studies revealed that N-tcrminal 



FIAG-tagged Edg-6 or Edg-6-GFP fusion protein 
was expressed in the endoplasmic reticulum* but 
was not expressed on the cell surface. On the other 
hand, C-terminally tagged Edg-6 or both N-temunaBy 
and C-terminally tagged Edg-6 was able to localize 
to the cell surface. Using these cells, we found that 
Sph-l-P induced cell migration through cell surface- 
expressed Edg-6 in a pertussis toxin-sensitive manner. 
This motility was mediated through the activation 
of a member of the Rho family of small GTPases, 
Cdc42. 

Conclusion: These results support a role for Sph-1- - 
P signalling via Edg-6 in the pathways involved in 
cell motility: 



Introduction 

Sphingosine l-phosphate (Sph-l-P) is a bioactive lipid 
mediator known to be released from activated platelets 
(Yatonii et al. 1995), To date, five seveii-transniembrane- 
spanuing receptors, Edg-l/S IP 1 , Edg-3/S1 P 3, Edg-5/ 
SIP 2, Edg-6/SlP 4 and Edg-8/SlP 5, have been iden- 
tified as specific Sph-l-P receptors (Kluk & Hla 2002). 
Analysis of Edg-l/SlPl-deficient mice demonstrated 
that this receptor is essential for vascular maturation via 
activation of the small GTPase Rac, following Sph-l-P 
stimulation (Liu *t at 2000). Additionally, Edg-3/SlP3 
and/or Edg-5/SlP2-deficient mice present a neuronal 
dysfunction (Ishii et al. 2001, 2002; MacLcnnan et al 
2001). 

Northern blot analysis lias demonstrated that Edg-1/ 
SlPl,Edg-3/Sf P3 and Edg-5/SlP2 are expressed ubiq- 
uitously in many mammalian tissues (Zhang et al 1 999). 
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In contrast, Edg-6/SlP4 is specifically expressed in 
lymphocyte-containing tissues such as spleen and lung 
(Gralcr et al 1998), so examining die signalling pathways 
mediated dirough this receptor is important in elucidat- 
ing the effects of Sph-l-P in lymphoid cells. Recent 
reports have revealed that a phosphorylited form of 
FTY720, the immunosuppressive agent and a structural 
analogue of sphingosine, is a potent agonist for Sph-l-P 
receptors expressed in lymphocytes or endothelial cells 
(Brinkmann et al 2002; Mandala et al 2002). However, 
it is still unknown which of the F-dg family receptors 
mediate the sequestration of lymphocytes following 
FTY720 treatment. 

In lymphocytes, regulation of cell migration is an 
important function. Reportedly, Sph-l-P can regulate 
cell migration in some cell types. Sph-1 -P has been 
shown to inhibit cell motility and invasiveness of tumour 
cells (Sadahira et al 1992), as well as PDGF-induced 
chernotaxis of smooth muscle cells (Bornfcldt tt al 
1995). These early reports pointed out diat Sph-l-P 
inhibits cytoskeletal rearrangement. However, more 
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recent studies have indicated that such Sph-1-P- 
mediated cell migration involves the regulation of the 
Rho family of small GTPases via the Sph-1-P receptor 
Edg-5/SlP2 (Okamoto et oi.2000). In human umbilical 
vein endothelial cells (HUVECs), Sph-l-P also pro- 
moted cell motility (Lee ct al 1999),That report revealed 
that Edg-l/SlPl- or Edg-3/SlP3-rnediated signalling 
cascades were required for endothelial cell morphogen- 
esis into capillary-like formations, again supporting a 
role for Rho GTPases. 

In contrast to the other Edg-fainily Sph-l-P recep- 
tors, little is known about the molecular mechanisms 
behind Edg-6/SlP4 functions. Using stable transfectants 
generated in this study to analyse precise mechanisms of 
signal transduction mediated by Edg-6/SlP4, may ena- 
ble us to determine roles for Edg-6/SlP4 signalling 
pathways in cellular processes such as migration. 

Results 

Sph-l-P induces cell migration through Edg-6/ 
S1P4 expressed on the cell surface 

The Sph-l-P receptor £dg-6/S!P4 was identified in 
1998 (Graler et al 1998). Previous reports demonstrated 
that Sph-l-P-stimulated Edg-6/SlP4 induced MAPK 
activation (Van Brocldyn et al. 2000) and Ca 2 * mobiliza- 
tion (Yam^kief <O660) in a pertussis toxin-sensitive 
manner. However, we were not able to reproduce these 
results in our model. Wc considered the possibility that 
the difficulty in the protein localizing to the cell surface 
might account for the lack of progress in our functional 
analysis of Edg-6/SlP4.To determine the cellular local- 
ization of Edg-6/SlP4, we prepared Edg-l/SlPl and 
Edg-6/SlP4 constructs fused to GFP (green fluorescent 
protein) at the C-terminal intracellular portion, and 
transiently transfected these vectors into human JurkatT 
cells. As shown in Fig. 1A, Edg-6/StP4-GFP was local- 
ized in the intracellular compartments, whereas most of 
the Edg-l/SlPl-GFP was expressed at the cell surface. 
In suspension cdk, it was difficult to determine in which 
intracellular compartments Edg-6/SlP4 was localized, 
so we transiently transected these constructs into 
NIH3T3 fibroblasts. As shown in Fig. IB, most of the 
Edg-6/SlP4-GFP in these cells was found in the 
intracellular membrane compartment and not on the cell 
surface, whereas , rnosuof^the Edg-l/SlPl-GFP was 
expressed at the cell surface. 

The N-terminal portion of a seven-transmembrane- 
spanning receptor is normally located extracellularly 
Therefore, we prepared an Edg-6/SlP4-GFP construct 
fused to a FLAG (DYKDDDDK)-tag at the N-terminal, 



extracellular portion. Then, we transfected FLAG- 
Edg-6/SlP4-GFP or Edg-6/SlP4-GFP into Chinese 
hamster ovary (CHO) cells. Interestingly, most of th e 
FLAG-Edg-6/SlP4-GFP was expressed at the cell sur- 
face (Fig. 1 C, upper panels). On the other hand, Edg-6/ 
S1P4-CFP was localized in the ER. in studies using an 
endoplasmic reticulum (ER)-spcriflc probe (Fig.lC 
middle panels). Since the C-terrninal GFP-tagged Edg- 
6/S 1P4 has a larger molecular weight (42 kDa +27 kJ )a) 
than Edg-6/S 1 P4 itself, the GFP might have affected the 
cellular distribution. Therefore, we designed another 
Edg-6/SlP4 fused with an HA (YPYDVPDYA)-tag 
at the N- or C-ter minus. These expression vectors 
were transiendy transfected into CHO cells. As shown 
in Fig. 113, C-terminal HA-tagged Edg-6/SlP4 was 
expressed at the cell surface (upper panels), whereas N- 
terminal HA-tagged Edg-6/SlP4 was localized at the 
ER (lower panels). Similar results were obtained when a 
FLAG-tag was fused with Edg-6/SlP4 at the N- or C- 
terminus (data not shown). 

The regulation of cell motility is important when 
regarding functions in lymphocytes, one of the few cell 
types to express Edg-6/SlP4. We examined whether 
Sph-l-P might regulate cell migration in the Edg-6/ 
SlP4-expressing CHO transfectants. In order to con- 
firm that the rate of cell migration at basal conditions 
^..£Suiya!^ vector- or ..Edgr6/SlP4- 

expressing transfectants. first, we selected the optimal 
chemoattractants for these cells. Only IGF-I (insulin like 
growth factor I) and insulin strongly induced cell migra- 
tion (data not shown), similar to results from another 
study (Okamoto et al 2000). Next, we examined die cell 
motility using CHO cells which transiendy coexpresscd 
both Edg-6/SlP4 and GFP. As shown in Fig. IE, C- 
terminal HA-tagged Edg-6/SlP4-exprcssing cells exhib- 
ited enhanced cell migration upon Sph-l-P stimulation 
(upper). On the other hand, because litde of the~N^ 
terminal HA-tagged Edg-6/SlP4 was expressed at the 
cell surface (Fig. ID), only a small number of migrated 
cells were observed (middle), These results suggest that 
hgand-induced Edg-6/S1 P4 signalling is involved in cell 
migration in these CHO transfectants. 

Sph-l-P induces enhanced coll migration via 
Edg-6/SlP4 expressed on the cell surface in CHO 
stable transfectants 

We generated stable Edg-6/SlP4 transfectants in CHO 
cells to analyse the precise receptor functions of Edg-6/ 
S1P4. lb identify the expression of full length Edg-6/ 
S1P4 in diese cells easily, a FLAG tag was introduced at 
the extracellular N-terminal portion of the C-terrninal 
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Figure 1 Sph-l-P induces cell migration through Gdg-6/SlP4 expnW on the cell surface. M.taaUy ^^l^^ 
lZ m to the cell surfaccjurkat (A) or NTH3TO cells (B) were a***, transfected with Edgl/SIP 1-GFP, » 
GFP alone using EfWne reagent (A) or l.ijKifect AMINE plus recent (B). After transfection for 24 h, the expression of GFP fiu on 
proteins was observed in living (A) or fixed (B) cells by fluorescence mkmsropy.The lower panefein (A) ^e phase contrast ™JJ»£J* 
cdk(C) CHO cells were transiendytran^ 

plus reagent. F-actin was stained by Alexa 594-phalloidin, and the F.R was stained by ER,Trac.lcer Blue-White DPX. The ngfa paneb 
Ltrate the merged-imagc of the left three panels. GFP; green. F-actin; red, ER; blue. The ^rowhead md.c«« the edge of ^the ceU 
surface. (D) CHO cells, transiently transfected with C-tcrminal HA Frf^/SUM (upper panels) or Nominal HA-Edg-6/S1P4 (tower 
panel,), were fixed and penncabiliaed, then immunostained with an anti-HA antibody (left panels). F-actm was stamed hy Alexa 594- 
plulloidiu (middle panels).The right panels illustrate the merged image of the left two panels, green: I IA, red; F-act-n^e arrowhead 
indicates the edge of the plasma membrane. The asterisks indicate nuclei. (E) CHO cells (2 X 10 5 ), transiently co Wected w,th GFP 
and C-tenninall HA-Edg-*/!>lP4 (upper), or N-terminal HA-Edg-r,/SlP4 (middlc),or pc:DNA3 (lower), were added to the upper wett 
of aTranswell chamber, and 1 Sph- 1 -P and/or 10 ng/mL IGF- 1 was placed into die Wr chamber, followed by ...oibaoon for 4 h 
XV 'CTransmigratcdccUs on the lower filtcrwerc fixed wiih cold mcrhanol.The number of fiFP-positivc celt Tmgratmg to the lower 
surface was determined by counting die uumber of cells in five random ficlds.These d;.ia represent the average of three independent 
experiments with error bars indicating the SD. Statistical significance: *P < 0.001 vs. control. 



HA-tagged Edg-6/SlP4 described in Fig. ID. Immuno- 
staining of these transfectants using anti-FLAG and 
anti-HA antibodies indicated that most of the Edg-6/ 
S1P4 localized to the cell surface (data not shown). To 



further examine die expression of Edg-6/SlP4, intra- 
cellular and cell-surface proteins in these cells were sepa- 
rated after cell surface biotinylation and purification 
with straptavidin-agarosc beads. These samples were 
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Figure 1 Continued. 



separated by SDS-PAGE and then analysed by Western 
blot using an anti-MAPK antibody, to confirm the con- 
tamination of intracellular proteins into the cell surface 
fraction (Fig. 2AJower panel). Then t these samples were 
blotted by an anti-HA antibody. Although, the predicted 
molecular size of Edg-6/SlP4 from the cDN A sequence 
is 42 kDa, the Edg-6/SlP4-ui"the-cell surface fractions 
appeared at a molecular weight of 55-65 kDa, suggesting 
post-translational modification (Fig, 2A, arrowhead). In 
light of previous reports showing that some seven- 
transmembranc-spanning receptors are glycosylated in 
their N-terminal portion (Ulloa-Aguirrc vt al 1999), we 



p erf brined end oglycosidase digestions on the samples, 
using PNGase F (peptide N-glycosidase P).The mole- 
cule had an increased mobility after these treatments 
(Fig. 2A t *). That the molecule is a non-glycosylated 
form of Edg-6/SlP4, and not a degraded product, was 
unquestionable, because it could be detected by both 
anti-FLAG and anti-HA antibodies (data not shown). 
The Endo H (endoglycosidase H)-sensitive molecule 
(Fig. 2A, arrow) indicates the high-mannose type 
oligosaccharide-conjugatcd form of Edg^6/SlP4, which 
exists in the EK. These results suggest that the Edg-6/ 
S1P4 which is localized at the cell surface has undergone 
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PNCase F-sensitive oligosaccharide modification at the 
Golgi. 

To further analyse the cell surface localization of 
Edg-6, we measured the specific binding of radiolabelled 
ligand in Edg-6/SlP4-expressing CHO cells. Figure 2B 



shows that Kdg-6/SlP4-expressing cells bind [ P] 
Sph-l-P specifically. Scatchard analysis for Edg-6/SlP4- 
expressing cells indicated a dissociation constant (Kj) 
of 16.7 nM and a maximum binding capacity (B m J of 
620 finol per 1 X 1 0 5 cells. 

Next we examined whether Sph-l-P might regulate 
cell miration in the Edg-6/SlP4 stable transfectants 
As shown in rig.3A, increased Sph-l-P-induced cell 
migration was observed in Edg-6/SlP4-expressing cells 
compared to control cells. Further enhancement of cell 
migration through Edg-6/SlP4 was not obtained in the 
presence of bodi Sph-l-P and IGF-I in the lower cham- 
ber. To confirm that the Sph-l-P-mediated cell migra- 
tion was not influenced by a clonal effect in the stable 
tramfectants, we examined two clones (left and tl & K 
pancls).Then,we examined whether Sph-l-P treatment 
led to enhanced cell migration via Edg-6/S1 P4 in these 
. cells in a dose-response manner. As shown in Fig. 3B, 
significant Sph-l-P-induced cell migration was 
observed in Edg-6/S1 P4-expressing cells, compared to 
control cells. Because further enhancement of" the cell 
migration was observed in a high dose range, typical 
bell-shaped curves were not obtained. The presence of 
Sph-l-P likely does not affect the cell-to-extracellular 
matrix adhesive properties (data not shown). Taken 
togeUier, these results demonstrate that the presence of 
Sph-1-P significaudy led to enhanced cell migration via 
FdjpJTSlPTnrCHO's^ 

Pertussis toxin inhibits Sph-l-P-induced cell 
migration mediated through Edg-6/SlP4 

Many chemokines induce cell migration through spe- 
cific seven-tiansmcmbrane-spanning receptors (Baggiolini 
1998). Such migration is completely abolished by the 
Gi-specific inhibitor pertussis toxin (PTx). Additionally, 
the phosphatidylinositide 3-kinase (P13K) inhibitor 
LY294002 and the mitogeu-activatcd protein kinase 
(MAPK) inhibitor PD98059 also have the same effect 
(Curnock <tt al 2002).'fhcrefore, we examined whether 
these inhibitors influenced the Sph-l-P-induced cell 
migration that is mediated through Edg-6/SlP4. PTx 
(500ng/mL) completely abolished Sph-l-P-induced 
cell migration, whereas IGF-I-mediated cell migration 
was not affected (Fig. 4). Significant inhibition was 
not observed with die other inhibitors, although the 
trypsinized cells were only pre-incubated for 10 min 
with the inhibitors in these experiments (Experimental 
procedures), so we might not have been able to obtain a 
sufficient effect in such a short time.These results suggest 
that the Gi protein-coupled signalling machinery is 
involved at least in the signal transduction pathways 
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Figur* 2 Establishment of cells stably 
expressing Kdg-6 at the surface. (A) Cell 
surface proteins of CHO cells (4X 10*) t 
stably transrected with vector or Edg-6/ 
S1P4 tagged with an N-tccminai FLAQ 
and C-tcrminul HA, were biotinylated 
with sulfo-NHS-SS-biotin and separated 
from the cell lysates by strepravidii)- 
agarose beads. These samples were treated 
with endogjycosidase, Endo H or PNGase 
RAH samples were separated on SDS- 
PAGE, foUowed by Western blotting 
using an anti-HA antibody (upper panel). 
The arrowhead indicates the will surface- 
associated Edfi-6/SlP4, and the arrow 
indicates the Edg-6/S1P4 modified by 
a high mannose-type oligosaccharide. 
The asterisk indicates die full length 
Hdg-6/S1P4 from which all N-linkcd 
oligosaccharides were truncated. In order 
to prove that intracellular proteins were 
not bionnylatcd, these intracellular and 
cell surface fractions were blotted using an 
anti-MAPK. antibody (lower panel). 
(R) 2 X 10 s of Bdg-6/SlP4-clo.<;ed 
circle) or vector- expressing CHO cells 
(open circle) were grown on plastic dishes 
followed by incubation with ice-cold 
^htrtdfllg-bl1fl^-l1xc^'-c%lb''TveTe"treaced , ' 
with the indicated concentrations of 
f 32 P] Sph-l-P in binding buffer. After 
incubation for 30 min at 4 °C, the cells 
were lysed with extraction buffer and 
bound [ J: P] Sph-l-P was quantified by 
scintillation counting, as described under 
Experimental procedures. Specific 
binding of ["PJSph-l-P was calculated as 
the binding of Fdg -6-expsessing ceUs 
minus the binding of vector-expressing 
cells. These data represent the average of 
four independent experiments, vvith 
error bars indicating the SD. The inset 
shows the Scatchardplot of pP] Sph-1-P 
binding to the cells. 



of Sph-l-P-induced cell migration that is mediated 
through Edg-6/SlP4 in CHO cells. 

Sph-l-P stimulation via ~Edg-6/SlP4 induces 
transient activation of Cdc42 but not Rac 

A recent report indicated that the regulation of cell 
motility involves activation of the Rho family of small 
GTPases (Hall 1998). It has also been reported that 
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Sph-1-P-mediated cell migration involves the activation 
of Rac in Edg-l/Sl P1 - or Rdg-3/SlP3-exprcssing cells, 
and the mhibitioii of Rac in Edg~5/S1P2-expressing 
cells (Okamoto etal 2000). We, therefore, examined 
whether these GTPases are involved in an enhancement 
of Edg-6/SlP4-mediated cell migration. To analyse the 
activation of Cdc42 or Rac in Edg-6/SlP4- or vector- 
expressing CHO cells following Sph-1-P stimulation, 
wc carried out a pull-down assay using CST-PBD.The 
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Figure 3 Sph-l-P stirrmbtion leads to 
chanced cell migration via Edg-6/SlP4 
expressed on the cell surface in CHO stable 
tnnsfectaats. (A) CHO cells (2 x10 s ) 
subly expressing Edg-6/SlP4 (closed) or 
vector (open) were trypsinized and then 
added to the upper well of the Transwell 
chamber, and 1 \Im Sph-l-P or 10 ng/ 
rnl IGF-I was pbced into the lower 
chamber. The migration assay was per 
formed as described under Experimental 
procedures. The migration index for the 
experimental wells was calculated as the 
number of transmigrated cells in cliambers 
with chemoattractants divided by the 
number of transmigrated cells in control 
wells containing no chcmoHttntctants. 
There were no significant differences 
between the two transfectants in the 
numbers of cells migrated in control 
welk These data represent the average of 
three ' mdcl>erKiciit expet imeflts with 
error bars indicating the ST). The same 
data were obtained in assays using another 
done (left and right panels) . Statistical 
significance: *i J < 0.01 vs. control. (B) 
Sph-l-P treatment led to enhanced cell 
migration via Edg-67S1P4 in a dose- 
response manner. CHO ecus (2 X 10 5 ) 
expressing Edg-6/SlP4 (closed) or vector 
(open) were added to die upper well of a 
Tran swell chamber, and the indicated 
concentrations of Sph-1 -P were placed 
into the lower chamber. The migration 
assay was performed as discussed in (A). 
These data represent the average of three 
independent experiments with error bar* 
indicating the SD. Statistical signincance: 
#P < 0.001 vs. vector. The lower graphs 
represent die number of trammigrated 
cells. These data represent the average of 
three independent experiments with 
error bars iridicating the SD. Statistical 
significance: *P < 0.001, +*P < 0.05 vs. 
10" 9 M Sph-l-P. 
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Figure 4 Pertussis toxin inhibits Sph- 2 -P-indur.wl,lidg-6/SlP4- 
mediated cell migration. Edg-6/SlP4-expresMng CHO cells were 
suspended by trypsinization, and preiucubaltid with 500 ng/ 
mL PTx, 50 \Im LY294002, or 50 (IM PD98059 at*37* ft C:Then, 
1 JIM Sph-l-P- or 10 ng/mL ICF-I-induced cell migration was 
determined as described under Experimental procedures. 'ITicsc 
data represent the average of three independent experiments with 
error ban indicating the SD. Statistical significance; *P < 0.01 vs 
Sph-l-P. 



results in Fig. 5A,B indicate that Cdc42 was tnmsiendy 
activated upon Sph-l-P stimulation in the Edg~6/SlP4- 
expressing cells/but not the vcdor-expressing tellsThis 
activation behaved in a PTx-sensitive manner (data not 
shown). On the other hand, Rac activation was not 
observed in these conditions (Fig. 5 C,D). These results 
Jed us to conclude that the transient activation of Cdc42, 
through Gi-mediated signal transduction pathways, might 
be implicated in cell migration induced by Sph-1-P 
and mediated dwough Edg-6/SlP4, 

Cdc42 activation is required for Sph-l-P-mediated 
cell migration 

We examined the migration in cells transfected with the 
dominant negative or constitutively active form of 
Cdc42. CHO cells stably expressing Edg-6/SlP4 were 
transiendy transfected with myc-Cdc42, iuyc-N17 
Cdc42 (the dominant negative form), myc-V12 Cdc42 
(the comtitiitively active form), or the myc-vector, A 
migration assay was then performed. The results shown 
in Fig. 6 demonstrated, that, few cells expressing N17 
Cdc42 migrated upon Sph-l-P stimulation, whereas 
IGF-I-induced cell migration was observed (Fig.6D). 
However, no apparent difference was observed among 
vector-, wild-type-, and VI 2 Cdc42-expressing cells 
upon Sph-l-P stimulation (Fig. 6A,B,C). Furthermore, 



there was no apparent diflfcrcnce in the Sph-1-p.. 
mediated cell migration between the dominant negative 
Rho (N 1 9 Rho) and Rac (N1 7 Rac)~expressing Edg-^/ 
S1P4 stable transfectants (data not shown).Theiefoie, the 
enhancement of cell migration observed upon stimula- 
tion by Sph-l-P and mediated through Edg-6/SlP4, 
required the activation of Cdc42. 

Discussion 

The seven transmembrane-spanning receptors are 
able to bind their ligand only when these receptors are 
expressed at die cell surface. The y-aminobutyric acid 
receptor type B, GADA Bl is known to have difficulty 
localizing to the cell surface and is retained on intracel- 
lular membranes when expressed in cultured cells 
(Couve ttal 1998). It has been clearly shown that 
- GABABR1 forms hctcrodimers with GABABR2, and 
this dimcrization is required for expression ou the cell 
surface (Joues et al 1998; Kaupmann et al 1998; White 
et al. 1998). In this study, wc found that Edg-6/SlP4- 
GFP and N-tcrminal-tagged Edg-6/SlP4 had difficidty 
localizing to the cell surface (Fig. 1). Interestingly, once 
a FLAC tag was introduced at the N-terminus of the C- 
terminal GFP-taggcd Edg-6/SlP4, the fusion protein 
localized to the cell surface (Fig.lQ. On die other 
hand, the N-tenwnal „FLAG- tagged Edg^o was not 
expressed at the cell surface, as described in the results. 
Moreover, we demonstrated diat a PNGa.se F-sensitive 
oligosaccharide was fused to Edg-6/SlP4, larger than 
that found on another Sph-l-P receptor Edg-l/SlPl 
(Kolmo etal 2002). For a seven transmembnwe- 
spanning receptor, export from the ER to the Golgi 
represents the limiting step in cell surface expression 
(Pfctaja-Repo ct al 2000). With this in mind, wc considered 
that the position and molecular size of tags fused with 
Edg-6/SlP4 could significandy affect its glycosylaaon at 
the (iolgi, but we scarcely understood its precise mech- 
anisms. Because cominercially available antibodies did 
nor react in immunoprecipitation, immunoblotting, or 
immunofluorescence microscope assays of Edg-6/SlP4 
under our experimental conditions (data not shown), it 
is still uncertain whether non-tagged or endogenously 
expressed Edg-6/StP4 is localized at the cell surfece. 

It is known that Sph-l-P is released from activated 
platelets (Yatomi ct al 1995). However, much Sph-l-P 
is present in blood (Murata et al 2000). With this in 
mind, we reasoned that there might be some mechanism 
for regulating the receptor expression or signal transduc- 
tion of Sph-l-P receptors expressed on the surface of the 
lymphocytes. In vascular endothelial cells, which express 
Edg-l/SlPl and Edg-3/SlP3, die expression of these 
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Figure 5 Sph-1-P .stimulation via Edg-6/SlP4 induces transient activation of Cdc42 Hut not Rac A time course of Cdc42 and Rac 
activation mediated through Edg-6/S IF4 was examined in CHO ceils. CHO cells (4 X 10*) stably expressing Hdg-6/SlP4 or vector were 
grown on culture dishes, followed by serum starvation for 36 h, and then stimulated with 500 nM Sph-l-P. At the unlisted tunes, cell 
lysates were prepared, and these were used for an affinity precipitation assay for 45 ruin at 4°C in the presence of GST-PBD and 
glmaiWe Sephamse heads. GTP-Cdc42 or GTP-FU: honied to the beads was collected, and solubilizcd with Laemm.i sample buficr. 
The proteins were separated on SDS-PAGE and analysed by Western blotting using an anti-Cdc42 (A) or an anti-Rac (C) antibody. These 
result were quantified by densitometry using the NIH image program, and the relative activity was calculated, using as a standard the 
activity in the absence of Sph-l-P (B, D).The blots illustrated represent a typical blot out of four, and the graphs represent the average 
of four independent experiments with error bars indicating the SD. Statistical significance: *P < 0.01; **P < 0.05 vs. vector. 



receptors reportedly is induced upon TPA stimulation 
(Ma & Maciag 1990). I lowever, thc^mechaxristns regu- 
lating this expression are unclear. Recent reports indicate 
that the expression of Edg-6/S1 P4 in CD4-T cells is 
decreased during difierendation, as is that of many 
chemokine receptors (Graeler & Goetzl 2002). In this 
study, we suggest that the localization of Edg-6/SlP4 to 
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the cell surface might be regulated by some mecha- 
nism® {Figs 1 and 3). Therefore, it will certainly be 
important in the future to elucidate mechanisms that 
regulate the cellular localization of Edg-6/SlP4. 

Of the Edg-family Sph-l-P receptors, CHO cells express 
inRNA for only Edg-5/SlP2 (Okamoto et al 1998). It 
has been reported that Sph-l-P exhibits inhibitory 
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Figure 6 C<L:42 activation is required for 
Sph-l-P-mediated cell migration. Cdg- 
6/S l?4-exjincj«ing CHO cells were trans- 
iently transferred with pcDNA3 aionc 
(A), myc-Cdc42 (D), myc-V12 Cdc42 
(constitutive active, C) or myt:-N17 Cdc42 
(dominant negative, D). After trausfection 
for 24 h, the cells (2 X 10 s ) were added to 
the upper well of the Transwell chamber, 
and 1 Sph-l-P or 10 ng/mL IGh'-l 
was added into the lower well, followed 
by incubation tor 4 h at 37 °C These 
data, analysed as in Fifi. 3, represent the 
average of three independent experinie. s 
with error bars indicating the SD. Statistic ' 
significance: *P < 0:01 vs; control. (E) th; 
expression of Cdc42 in these transfected 
cells was analysed by Western blot using 
an anti-myc (left) or an anti-Cdc42 
(rig! it) antibody. The arrow indicates the 
niyc-tagged Cdc42.Thc arrowhead indi- 
cates endogenous Cdc42. These results 
demonstrate that Sph-l-P-induced, Edg- 
6/S]P4-iiie<hatcd cell migration requires 
the activation of Cdc42. 



regulation for cell migration in Edg-5/SiP2-over- 
expressing CHO cells (Okamoto ef ai 2000). In con- 
trast, another report provides evidence that the activation 
of the Rho family small GTPase, Rnc, is involved in 
cytoskeletal rearrangement and cell migration in Sph- 
1-P-stirnulatcd, Edg-1/SlPl- or Edg-3/SlP3-expressing 
cells (Lee el ai 1999). In our study Sph-1-P-mediated 
cell migration was observed in Edg-6/SlP4-ovcr- 
exprtrssing CHO cells (Figs- 1 and 3}; and specific Cdc42 
activation occurred in these cells upon stimulation with 
Sph-l-P (Fig. 5). Furthermore, an enhancement in 
migration of Edg-6/SlP4-exprcssing cells in the pres- 
ence of Sph-1-P was completely abolished by the coex- 
pression of a dominant negative Cdc42 (Fig. 6). Cell 



migration involving Cdc42 activation is consistent with 
a previous report (Allen et ai 1998). However, as shown 
in Fig. 6, further activation was not observed when a 
constitutivcly active form of Cdc42 was transfected in 
these cells. Therefore, other factors may be involved in 
cell migration induced through Edg-6/SlP4 by Sph-1- 
P stimulation. 

In this study we found that the regulation of cell 
migration through Kdg-6/S1P4 involves pertussis 
toxin-sensitive, Gi protein-coupled, signalling cascades 
(Fig. 4). Very recently it was reported that the Gal5 
(GnaiS) protein is located in tandem just upstream of 
Edg-6/SlP4 on the same chromosome, and that these 
proteins may be cocxpressed in the same tissues, such a* 
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, ee n and lung, » indicated by Northern Mot analysis 
KLits* cl al 2002).The« findings strongly suggest that 
K fi/SlP* niay interact with Gal5 at physiological 
Sons in ^phocytcs-Thcrcfox, • »g 
a different role in these cell, than in Edg-6/ 
^expressing CHO cells which also express Gca. 
f arther studies will be necessary to elucidate a physio- 
L role for Edg-67S1P4, especially to clarify the 
Sctions of Edg-6/SlP4 signalling pathways when the 
^ t . pt0 r forms a complex with die G«15 protein. 

Experimental procedures 

Reagents and antibodies 

^ryd.ro-sphinsosine-1-pbosphate (Sph-l-P) was purchased 
LroWya (PWnt Gap, PA, USA). A couuneraal protean 
Subitor cocktail (complete, HI! )TA free) was iron, Roche (Roche. 
M a nn) I cinuGcrri, a ny),and recombinant human i.isukn-ukc growth 
facto, I (IGF-1) from Pcprotech T.C (London. UK).Pertussis toxm 
^ from Sign,, (St Louis. MO. USA) . Endo H C^""*" 
HO Peptide N-gh/cosidase F (PNGasc F) anil ann-MAPK »ifr- 
bo.ly were all purchased from Cell Signalling (Beverly. MA, USA). 
Anti-llA antibody (Y-ll) w:is from Sant* Cruz Biotechnolofry 
(Sane Cruz.CA.USA).anti-niyc tag antibody from MBL (N^oya, 
bran), and 3»ti-Cde42 and anti-Rae antibodies from inmduc- 
.ion Laboratories (Lake Harid, NY, USA). Alexa 488 goat anb- 
rabbit lgG (H+L) conjugate, Alexa -594 phalloidin, Alexa 3a0 
phalloidin. : .nd ER-TbcW Blue-White DPX were from Molec- 
ular Probes (Eugene. OR, USA). Protein A-Sepharose MT« flow, 
glutathione Sepharose 4B. : inti-nibbit and anti-mouse lgG-r(ab ), 
fragment, conjugated tu horseradish peroxidase, and enhanced 
cliemilnniinescencc (f.CL-plus) detection kits were from Amer- 
shain Pharmacia Biotech (Piscataway. NJ, USA). 

DNA constructs 

Pull length mouse Fdg-6/Sll»4 coding sequences wete amplified 
from an EST clone, All 58066. whir.h lacks two base pairs at the 
initiation codon. using ExTaq polymerase (TaUra, Shiga, Japan) 
with primers (sense, 5'-CAAGATCTATGAACATCAGTAC 
CrrGGTCC-3'; anti-sense, 5'-AGCCTCCGCAGCACCA 
GAi'CTTC-3') containing die initiation codon. The cycling 
parameters were .in initial denaluration step of 1 min at 96 °C. 
followed by 25 cycles of denaturation at 96 "C for 15 s. annealing 
» 50 X for 2 *, and extension at 74 °C for 30 s.The polymerase 
chain reaction introduced a IfeM site at both the 3' and 5' ends 
of the Edg-6/SlP4-cDNA. PGR produi*s were gel purified, 
then ligated into pGEM-T (Promega, -Madison, W1...USA) , .and 
severed on both strands. The Kdg-6/SlP4 fragment was 
excised by BgM from P GEMT-Edg-6/SlP4 , then directly cloned 
into die Dam\ II site in the multiple cloning site of the pEGFP Nl 
vecuir (Clontech, Palo Alto, CA, USA) or P cDNA3 vector (Invi- 
trogen, Carlsbad, CA, USA). Other cDNAs such as Edg-l/SlPl, 
Cdc42, N17 Cdc42,V12 Cdc42 and GST-PBD were obtained by 
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similar methods to those described above, and were provided by 
A. Wada and K. Ohta (this laboratory). 

Cell culture and trarufection* 

furkat cells were cultured in RPMI mcdivun (Sfcna). 
"with 10% foetal bovine serum (PBS) (1 wain. Chiba. Japan). NIH3T3 
cells were cultured in Dulbeceo. modified Eagles med.uin 
(Sigma) witli 10% FbS. Chinese hamster ovary (CHO) cell, were 
cuE in Hams P-12 medium (Sigma) with 10% FBS.Thesc 
cells were cultured at 37 °C in a humidified 5% CO, atmosphere. 
The cells were transfeaed using EtTectenc (Qiagen, ™ d «"j 
Germany), LipofectAMlNE (Invirxogen), or Upofo:tAMINE 
Phas kit, according to their rrunufacn.ren' msmioioiis Stably 
transited clones expiring epito P «-tagged Edg-6/S1P4 were 
selected in medium containing 600 |ig/mL Gcnencin (Sigma). 

Sph-l-P binding assay 

fkpi Sph-l-P w* synthesized envynnticilly using recombinant 
spbingosinc kinase (SK).Thc cDNA of the murine SKla was 
cloned into the bacterial expression vector pMAL-c2X and was 
expressed in Escfakhia coli as a fusion protein widn maltose bmd- 
„ 1R protein (MBP). The purified fusion proteins were isolated 
Horn amylose resin with 10 mM maltose. ["PI Sph-l-P was 
synthesized using fy-»PJ ATP, sphingosine and MBP-SK tus.on 
protein. The cell* (2x 10 s ) were washed twice w.th ice-cold 
Linding buffer (20 mM lris-HCL pH 7.5, 100 mM NaCl, 1, mM 
NaF and 0.4% (w/v) tarty acid free BSA (Sigma)) and incubated 
with the indicated conceptions Of [»P] Sph-l-P in hHidinfi 
buffer. After incubation for 30 min at 4 »C. the <&™%* 
with extraction buffer (0.1% SDS,0.4% NaOH and 2% N^CO.O 
and bound l*P] Sph-l-P was quantified by scintillation countinfi. 

Immunofluorescence microscopy 

Cells were grown on glass .:overslips (Matsummi, Kyoto, Jnnan). 
After transection for 24 h. the cells were washed twice with phos- 
phate buffered saline (PBS) nnd fixed with 3.7% forrmldeliydc in 
PBS at room temperature for 20 min. Pemieabilization wns per- 
formed in 0.5% saponin ir. 1 mfi/mL BSA/PBS for 5 mil. hnmu- 
nostaining was performed by incubation with a 1 : 200 dilution i of 
the anti-HA antibody, folltrwed by detection with a 1 : 400 dilu- 
tion of Alexa 488 anri-r,l>bit lgG conjugate at room tar.perature 
for 1 h The cells were washed three times with PBS after each 
incubarion.The coverslips were rinsed in water and mounted on 
to glass slides using Mowiol 4-88 (Calbiochem, Sao Diego, CA, 
USA) The cell images were digitally captured from a Zeiss Axi- 
oskop 2 plus (Carl Zeiss,Thornwood, NJ.USA) microscope using 
anAxiocam CCD camera (Carl Zeiss). 

Cell surface biotinylation and endoglycondase 
digestions 

CHO cclb (4x10*) stabry expiessing Edg-6/SlP4. ugged with 
both N-tcrminal FLAG and C-terminal HA, were grown on 
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culture dishca.Thc cells were washed twice with cold PBS, and the 
cell surface proteins were biotinylated by incubation with 1 nig/ 
mL sulfc-NHS-SS-biotin (Pierce, Rockford, 1L, USA) at 4 °C for 
1 h.The excess reagent was washed three times with a quenching 
buffer (50 txiM TVis-HCl. 150 mM Nad) at 4 C C for 5 min. Cells 
were lysed with extraction buffer (50 mM Tris-J IC1 (pH 7.6), 
150 iilm NaCl, 5 niM EDTA, 5 mM sodium orthovanadate, 1% 
NP-40 and protease inhibitors) for 5 min at 4 °C ( and sonicated 
(10 X 6 s).The ceU iysates were centrifuged at 16 000 £ at 4 °C 
for 10 min. Then, die supcraatants were removed and incubated 
with strepUvLdm-jujarow; beads (Sigma) at 4 °C for 2 h to separate 
the cell surface and intraceilular proteins, 'Ine precipitates were 
d)en collected by centrifogation at 8000 g at 4 °C for 40 s, and 
washed three times with Lubrol buffer (50 roMTris-HCi (pH 7.6), 
150 mM NaCl, 0.5 niM EDTA, 0.1% Lubrol (PX)).Tbc cell 
outface proteins anil the intracellular fractions remaining in the 
supcrnatants were resuspended in SDS-PAGE sample butter 
(62.5 mMTris-HCl (pH 6.8), 2% SDS, 10% glycerol and 5% 2- 
mercaptoethanol) and boiled for 5 min. Hie samples were then 
renatured with 1% NP-40 -conuiuring bu£Err (50 mM sodium 
phosphate, pH7.5), and endoglycasidase digestions were per- 
formed at 37 °C for 2 h, according to the manufacture™ recom- 
mended procedure. The reactions were stopped by adding 4X 
SDS-PAGE sample buMex. These samples were analysed by West- 
ern blot as described. 

Cell migration assay 

Chemotacticceti migration -was assessed using modified Boyden 
chambers with Transwell filters (6.5 mm diameter, 8 JXm pores; 
Corning Costyr Corp., Cambridge, MA, USA). Before beginning 
the assay, both the upper and lower filter surfaces were coated 
with 100 Hg/mL porcine collagen type 1-C (Nitta gelatin, Osaka. 
Japan) for 1 b xi room temperature. The filters were then washed 
with Hams F- 12 medium nnd air-dried. Ine bottom chambers 
were filled with Ham's F-12 medium containing 0.1% tarty acid- 
free bovine serum alhumin (BSA). CHO cells were harvested by 
treatment widi 0.25% trypsin-F.DTA (Sigma) and thca resus- 
pended in Ham's P-12 with 0.1% fatty add-free BSA. Cells 
(2 X 10 5 ) were added to the upper chambeis of the Transwdl fil- 
ters, and medium containing the indicated chemoattracranrs was 
added to the lower chamber, then the ajlLures wen; incubated at 
37 *C in a humidified CO s incubator. After 4 h, cells remaining 
on the upper surface of the filter were removed widi a collun 
swab. Cells on the lower side of theTranswell filter were fixed with 
coid methanol and stained with \% crystal violet in 2% ethanul. 
la experiments where inhibitors were used, the trypsinized cells 
were suspended and preincubated widi die indicated inhibitors for 
10 min prior to loading the chambers, and die inhibitors were 
placed into both the upper and lower chambers during the incu- 
bation.lne number of cells niigrating to the lower surface of the 
Transwcll filter was determined by counting the number of cells 
in five random fields. The migration index was calculated as the 
number of transmigrated cells in experimental wells divided by 
the number of cells transmigrating toward chemoattractant-free 
medium in control wells. 



Electrophoresis and immunoblotting 

Reducing SDS-PAGK was performed on 10% or 12% poryacry- 
Jamide gels. After electrophoresis, the proteins were transferred to 
a PVDF membrane (Miliiporc, Bedford, MACOJ. Blocking was 
performed with 5% skim milk in TBS^T (20 mM Tris-HQ 
(pH 7.5), 137 mM NaQ, 0.05%'Iween-2U) or 0.5% BSA in TBS-T 
for 1 b at room temperature. This was followed by incubation 
ovenughl at 4 °C with the primary antibody. The blots were then 
washed with TBS-T and incubated with the secondary antibody 
for 1 h -At room temperature. The blots were washed again with 
TBS-T, developed with FCL-plns, and quantified by densitome- 
try with the NIH Image program. When necessary, the antibody 
were stripped oflTr.he membranes by incubation in stripping bufTex 
(62.5 mM Tris-HCl, pH 6 7, 1.00 mM 2-mcrcaptoethanol 2% 
ST5S) for 30 min at 50 °C with constant agitation, rinsed twice in 
TBS-T, and then rerm>bed with other antibodies as indicated. 

Pull-down assay 

A pull-down assay was performed as previously described (Benard 
etal 1999). CHO cells (4x10*) were grown on the culture 
dishes, followed by serum starvation for 36 h,;md then stimulated 
with 500 nM Sph-l-P. After the indicated times, these cells were 
gently washed with, cold PBS, and proteins were extracted with 
lysis buffer (50 mM Tris-HCl pH 7.5, 100 uim NaCl, 2 him 
MgClj, \% NP-40, 10% glycerol, 1 mM PMSF, and protease 
inhibitors) .The lysates were incubated with a purified glutathione 
S-tiarasferase (CSTJ-PBD (PAK1 -binding doniain; ,aminc>. acids 
67-150) fusion protein and glutathione Sepharose 4B at 4 °C for 
45 min. The precipitates were collected by ccntrifugation at 8000 
g at 4 °C for 40 s, washed four times with lysis buffer* then sol- 
ubilized in SDS-PACK sample buffer. These samples were then 
analysed by Western blot using an anti-Cdc42 or an anti-Rac 
antibody, and tjuantified by densitometry with the NIH Image 
program. 
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